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Abstract

Terroir describes a sense of place that can give a unique flavour to wines grown in
different environments. We explored the role of soil in the terroir at Canada’s most
southern vineyard, Pelee Island Winery. This study examined the abundance of major
nutrients, trace and rare earth elements of minerals and plant extractable nutrients from
19 soils across the vineyard to a depth of 2 m. We found that bedrock does not influence
the element content of Pelee Island soils, the parent materials of the soils are tills and
there are geochemical, mineralogical and grain size differences between the two soil
types on the island. Nutrient distribution throughout the soil profile was controlled by soil
weathering with organic matter concentrating most nutrients in surface soils. Agricultural

and anthropogenic influences had minimal effects on soil nutrient concentrations.
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Summary for Lay Audience

Pelee Island is the southernmost point and has the longest growing season in Canada
making it an ideal place to grow grapes to produce quality wines. We examined the
elemental concentrations of the soil minerals and nutrients in the soils easily mobilized
by plants (plant extractable nutrients) in order to understand variations in grape
productivity across the island. This work will lead to a better understanding of how the
soil contributes to the terroir, or sense of place that contributes to the flavours of Pelee
Island wines. The aims of this study were to determine if bedrock has any influence on
soil composition, to distinguish geochemical differences between the two main soil types
on the island — Brookston and Toledo, and to understand how soils processes and
agricultural and anthropogenic influences affect nutrient distribution within the soil
profiles across Pelee Island. Results from the geochemical analysis conclude a few
important findings. First, bedrock does not influence the composition of Pelee Island
soils. Second, weathering intensities between Brookston and Toledo soils differ causing
differences in elemental distributions throughout their soil profiles. Brookston soils are
shallower and less leached resulting in higher abundance of Ca in surface soils and lower
abundances of Fe and Mn in deep soils compared to Toledo soils. Third, nutrients used
by plants are generally highest in surface soils where they are held by organic matter.
Lastly, anthropogenic (i.e. airborne pollutants) and agricultural (i.e. fertilizers) influences
had minimal effects on soil nutrient concentrations. These results will enable Pelee Island
Winery to enhance their soil management practices and improve grape quality to produce

quality wines.
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Chapter 1

1 Introduction

Soil composition plays an important role in grapevine productivity and research suggests
that soil composition can also influence grape composition, ultimately affecting the taste
of the wine (Fraga 2014; Burns & Retallack 2015). Soil composition is influenced by
many factors such as climate and geomorphology, but it is also largely influenced by
parent material, such as bedrock (Weil & Brady 2017). This means that the region where
grapes are grown produce wines that may have a distinct flavour (Atkin & Johnson
2010). One of the aims of this study is therefore to understand the deep subsurface
mineralogy and geochemistry of bedrock and soils on Pelee Island, which is a grape-
growing region in Canada. An additional aim of this study is to understand how soil and
bedrock composition affect changes in soil nutrient availability with depth on Pelee
Island. This will assist in improving grape quality and enable Pelee Island Winery to

enhance their soil management practices to produce quality wines.

1.1 Literature Review

Pelee Island is the southernmost part of Canada and is located approximately 25km south
of the northern shoreline of Lake Erie (Figure 1.1). The island has 225 hectares of
vineyard growing 17 different grape varieties including Chardonnay, Pinot Gris, Riesling,
Gewaurztraminer, GM318 (Geisenheim), Cabernet Sauvignon, Cabernet Franc, Merlot
and Pinot Noir (VAQ Ontario 2017). The island has the longest growing and frost-free
season in Canada (two weeks longer than the adjacent mainland) due to its location in
Lake Erie. The warm breezes coming from the shallow waters of the lake, low levels of
precipitation, and high number of sunny days throughout the growing season make the
island ideal for grape production. In addition to the optimal climate conditions, the clay-
rich soils provide excellent growing conditions for the grapes (Pelee Island Winery
2019).
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Figure 1.1. Map illustrating the location of Pelee within Lake Erie, relative to the
Leamington area.

The Canadian wine industry is important for the Canadian economy and creates a variety
of employment opportunities in agricultural production, manufacturing, and tourism
(Wade & Pun 2009). For example, in 2012, the wine industry generated $1.1 billion and
employed over 3,700 people. There are 476 wineries across Canada, with the majority
(234) located in Ontario. Over the last two decades, the wine industry in Canada has
grown. For example, from 2004-2012, sales of Canadian wine increased by 31.2%,
generating an increase of one-billion dollars. In addition, Canada’s employment in the
wine industry during the period of 2004-2012 grew from 2,828 to 3,719 (Agriculture and
Agri-Food Canada 2016). It is expected that future growth in the wine industry will occur
through Vintners Quality Alliance (VQA) wines (Doloreux & Lord-Tarte 2012; Azcarate
et al. 2015). The VQA is a regulatory system that has been emplaced in Canada to ensure
authenticity and quality of Canadian wines (VQA Ontario 2019).

Canadian vineyards are typically located between 41°00°00”N and 51°00°00”N, a
latitude similar to many other acclaimed wine regions of the world (Wines of Canada

2016). In addition, many Canadian wine regions thrive in soils derived from glacial
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deposits and also benefit from temperature-moderating effects of nearby bodies of water
(Wines of Canada 2016). Although Canada has been producing wines for 150 years,
Canadian wines have only recently become internationally recognized, shortly after the
establishment of the VQA in 1988 (Canadian Vintners Association 2017a). In addition to
the establishment of the VQA, there are several other reasons for global recognition of
Canadian wines. One, Canada is known to consistently produce the best ice wine
worldwide (Pope 2016). Selling ice wine through the VQA regulatory system is a
marketing tool used to promote Canadian wines and gain global recognition in hopes that
other types of wine will increase in popularity and become recognized worldwide (Wines
of Canada 2016). Two, Canada has more geographic diversity compared to many other
countries, and thus Canadian climates can support a wide variety of grapes, and
winemakers are able to experiment with new styles and blends of wine (Pope 2016).
Three, Canada has, on average, cooler temperatures compared to other wine regions and
is becoming globally recognized for being one of the world’s finest producers of

premium cool-climate wines (Canadian Vintners Association 2017D).

The VQA recognizes eight acclaimed wine regions; three in Ontario and five in British
Columbia (Pope 2016). The three designated VQA regions in Ontario are: Niagara
Peninsula, Lake Erie North Shore, and Prince Edward County. Each of these regions has
their own microclimate but contain subregions. Currently, Pelee Island is one of the
subregions of the Lake Erie North Shore region called the South Islands (VQA Ontario
2019). Until 2013, Peele Island was designated by the VQA as its own appellation. An
appellation is a region defined by unique soil, geology, climate, and topography where
grapes are grown to give wine a unique place name (Atkin & Johnson 2010). Pelee Island
lost its appellation status in 2013 because the Pelee Island Winery, located on the

mainland, sources grapes from both Pelee Island and Essex County (Phillips 2017).

Pelee Island is one of Canada’s oldest grape growing regions with the first grapes
harvested in the 1860s (Wines of Canada 2016). The Vin Villa, one of the early wineries,
was built on the island in 1866 and opened in 1871. This winery was internationally
recognized and won many awards for its Catawba wine. By the 1900s, grape growing

was well established, Pelee Island was a significant producer of wine, and was



recognized for this at the 1900 Paris Wine Exposition (Wines of Canada 2016). However,
during WWI there was a major decline in the wine market, and Pelee Island stopped
producing wine and growing grapes (Pelee Island Winery 2019). The lack of interest in
Pelee Island wines was perhaps related to cheap imports and/or the development of the
Niagara wine district. Then, in 1935, a fire on the island destroyed the wine house and it
wasn’t until the 1980s that vineyards on Pelee Island and wine production restarted
(Wines of Canada 2016). In 1979, grapes were reintroduced to the island and Pelee Island

produced Canada’s first commercial ice wine (Pelee Island Winery 2019).

Many studies have found that the region where the grapes are grown strongly influences
the composition and quality of wine grapes (MacNeil 2001; Orth et al. 2005; Zhao 2005).
Mackenzie and Christy (2005) analyzed major elements and 27 trace elements in soils
and found that grape juice properties, such as acidity, correlated with plant-available trace
elements in the soil. This suggests that soil chemistry has an influence on grape
composition. By analyzing trace elements in soil and grape juice, Almeida &
Vasconcelos (2003) proved that compositional soil differences are incorporated into the
grapes. Other studies further suggest that soil chemistry can affect the taste of the wine
(Fraga 2014). The nutrients in soils in different regions depend on soil formation
processes. One of the most important controls on grape composition is the geographic
region in which the grapes are grown (Greenough et al. 2005). This is because different
regions of the world have different climates and different soil compositions, which will
alter the production and quality of grapes (Fraga 2014). It has been suggested that the
type and amount of major and trace extractable elements in the soil affect the grape
quality and production, and ultimately affect the taste of the wine (Acuna-Avila et al.
2016).

The relationship between sensory attributes of the wine and its origin are referred to as
terroir and are affected by several physical elements of the vineyard growing habitat,
such as soils and climate (van Leeuwen et al. 2018). The concept of terroir was first
developed by French winemakers when they noticed that wines coming from different
regions or vineyards developed characteristic tastes and flavours (McCarthy & Ewing-

Mulligan 2001). The concept of terroir remains unclear because the meaning of terroir is



not universally understood. As a result, this has become an area of increasing interest for
research (Jones 2014).

Over the last twenty years, scientists have been trying to identify the most important
aspects of terroir. However, chemical processes that occur in the production of wines
make it difficult to discern if differences in the taste and aromas of these wines are related
to the vineyard. Nonetheless, there are several factors that have an indirect impact on
wines, such as climate, topography, grape type, vinification (converting grape juice to
wine by fermentation), and soil (Jones 2014). Arguably one of the most important factors
contributing to terroir is the soil and clay mineralogy, soil composition and permeability
and porosity, and related aspects such as geology of the bedrock (Fraga 2014; Burns &
Retallack 2015).

Many agricultural and viticulture practices assess the nutrient availability in only the top
40 cm of soil where approximately 60% of grape plant roots are found (Smart et al.
2006). This is the case for two main reasons. First, sampling closer to the soil surface
increases the chances of detecting soil changes because mineral breakdown and
dissolution are most intense in surface soils, thus releasing the majority of nutrients
utilized by plant roots (Staben et al. 2003). Second, nutrients applied to the soil, via
fertilizers, will be more concentrated at the surface (Anderson et al. 2010). Although
most of the nutrients are contained in the first few cm of soil, deep root activity plays an
important role in supplying water to grape plants (Smart et al. 2006). Because grape-vine
roots can access nutrients in the soil down to approximately 6 m, it is important to

compare nutrient availability at different depths (Staben et al. 2003; Smart et al. 2006).

1.2 Background

1.2.1  Geological History of Pelee Island

Numerous studies, including those conducted by Vestin et al. (2006), Vestin et al. (2013),
and Myrvang et al. (2016), have suggested that bedrock geology plays an important role
in determining the composition and geochemistry of overlying soils. These studies found
that there was a distinct geochemical signature from the underlying carbonate bedrock

throughout the overlying soil horizons in Norway. In addition, a report on Pelee Island



written by John Slack (2015) suggested that sulfur-rich ground waters traveling through
porous limestones of bordering sedimentary basins potentially mobilize trace metals that
contribute to soil geochemistry on Pelee Island. Therefore, in order to explore soil
formation and geochemistry of soils on Pelee Island, it is important to understand the

geology of Southwestern Ontario.

Ontario is underlain by Precambrian rock of the Canadian Shield (Thurston 1991). The
Canadian Shield is divided into three geological provinces from oldest in the northwest to
youngest in the southeast: the Superior Province, composed of a variety of metamorphic
rock types ranging from subgreenschist to granulite facies (Percival et a. 2012); the
Grenville Province, composed of mainly of high-grade metamorphic gneisses (Slagstad et
al. 2004); and the Southern Province, composed of metasedimentary and metavolcanic
rocks of the Huronian Supergroup (Raharimahefa et al. 2014). Southern Ontario is
underlain by the Grenville and Southern Province (Earle 2019). The Canadian Shield is
made up of remnants of mountains that were created from continental collisions that
occurred during the Precambrian Eon. The end of these mountain-building events is
marked by the Grenville Orogeny, which occurred between 1141 — 1152 Ma (Mezger et
al. 1993). During the Grenville Orogeny, five northeast trending ridges were created (Gao
2011). Pelee Island is located on the western flank of one of these ridges called the
Finlay Algonquin Ridge and lies within the Grenville Front Tectonic Zone (GFTZ)
(Eyles 1997). Although there is no evidence that the Proterozoic basement bedrock of the
Grenville Front Finlay-Algonquin Arch was the source of Pelee Island sediment, the
topography of the arch had an important role in deposition patterns of overlying sediment
deposition on Pelee Island. Differences in topography within the Canadian Shield ensured
that the area that is now Pelee Island, would become a marine shelf (Earle 2019).

During the Paleozoic Era, shallow marine seas covered lowlands surrounding the
mountains of the Grenville Orogeny. Ancient sea conditions were well suited to reef
growth and resulted in an accumulation of limestone deposits (Earle 2019). Some
deposits were altered to dolostone during contact with magnesium-rich water upon burial
and these limestone and dolostone deposits can be seen outcropping in various places on

Pelee Island (Morris 1994). Limestone outcrops on Pelee Island are part of the Dundee



Formation, which extends west of Port Stanley to east of Port Dover on Lake Erie,
northwest to Lake Huron where it crops out from southwest of Grand Bend to north of
Goderich, and crops out in Essex County (Hewitt 1972). The limestone unit has a
thickness of 18-50 m (Hewitt 1972). It consists of brown, cherty crinoidal limestone but
the weathered surface appears as massive, brown bioclastic limestone in outcrop
locations on the Island (Morris 1994). It is underlain by the older Detroit River Group
and overlain by the younger Hamilton Group (Hewitt 1972). The Detroit River Group
consists of limestone and dolostone, whereas the Hamilton Formation consists of grey
shales with interbeds of crystalline cherty limestone (Hewitt 1972). These Middle
Devonian aged groups form northwest trending bands and have southwest dipping strata

(Hewitt 1972). The relative locations of these units are displayed in Figure 1.2.
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Figure 1.2. Paleozoic geology of Essex County, specifically illustrating location of the
Dundee Formation (modified from Morris 1994).



1.2.2  Glacial History of Pelee Island

During the Late Wisconsinan substage (approximately 23 000 years BP), Southern
Ontario was covered by large ice sheets including the Laurentide Ice Sheet that advanced
and carved out the bedrock directly beneath it (Morris 2008). The Great Lakes system,
including the Lake Erie basin, is one of the features produced from the advancement of
the ice sheet and glacial erosion. Differences in bedrock composition controlled the
extent of glacial erosion in that the softer, less resistant shale was preferentially removed
while harder, more resistant limestone remained, thereby creating a group of islands
within Lake Erie (Morris 2008). These islands are called the Archipelagic Islands and
Pelee Island is included within this group (Figure 1.1). Glacial erosion also produced
changes in bedrock topography. Limestone pinnacles at the northwest and southwest
edges of Pelee island allowed the glacier to carve out soft sediment in the middle of the
island, creating a bowl-shaped bedrock topography; higher near the edges and deeper in
the middle (Chapman & Putnam 1951).

As the Laurentide Ice Sheet advanced and carved out the bedrock beneath it, glacial tills
were deposited (Meyer & Eyles 2007). The overburden material (till) in the region was
formed as a result of several successive major glaciation events during the Late
Wisconsin Glaciation that occurred in the northern hemisphere (Fulton and Prest, 1987).
The drift thickness (thickness of material deposited by glaciers) on Pelee Island varies
between 0 to 29 m, with about 75% of the island covered by drift that is 3 m deep. The
till extends down to 15 m and 29 m below the surface in the western and northwestern

sides of the island, respectively (Chapman and Putnam, 1984).

During the Port Bruce stadial (15 000 — 14 000 BP) a southward ice advance over the
Lake Huron basin occurred and the Huron ice lobe deposited the Tavistock till (Figure
1.3) (Morris 1994; Morris & Kelly 1996; Morris 2008). Tavistock till is in the silt to clay
range and has a low stone content (<5-10%), although in moraines it can be sandy and
stony with a carbonate content of around 20% (Karrow 1968; Cowan 1976; Sado 1980).
In addition, the Tavistock till contains sedimentary clasts that were sourced from the
Huronian Supergroup (Morris & Kelly 1996).



A later westward flow of the Erie lobe through the Lake Erie basin deposited the Port
Stanley till along the north shore of Lake Erie in Kent County and on the northeastern
shore of Point Pelee (Morris & Kelly 1996). This till was derived from material from the
Grenville Province (Morris & Kelly 1996). During the late stages of the Port Bruce Stade
(15 000 — 14 000 BP), ice flow from the Lake Huron basin slowed (Huron lobe) and ice
flow from the Lake Erie basin increased (Erie lobe), resulting in a westward ice shift in
the Lake Erie basin (Morris 1994; Morris 2008). The shift in flow direction, from south
to southwest, caused mixing of sediment derived from the Lake Huron basin ice, with
materials carried by ice from the Lake Erie basin. This formed the Port Stanley —
Tavistock hybrid till found on Pelee Island (Figure 1.3) (Morris 1994).

The Port Stanley — Tavistock till on Pelee Island is a fine-grained and almost stone-free
till with large quantities of glaciolacustrine silt and clay (de Vries and Dreimanis 1960;
Karrow 1984). The grain size of the Port Stanley — Tavistock till is in the silt to clay
range and on Pelee Island this till underlies glaciolacustrine silty clay. Cowan (1976)
considered this till to be formed at the same time as the Tavistock till. The carbonate
content in the Port Stanley — Tavistock till is lower than in the Tavistock till (only 3%
carbonate), but this likely reflects surface weathering and leaching of carbonate because
the till was sampled near surface (Morris 1994). In addition, Richards et al. (1949)
suggested that the tills deposited on Pelee Island contained limestone fragments that were
glacially derived from the limestone bedrock.

During the Mackinaw Interstade (14 000 -13 000 BP), the glaciers began to melt and
retreat, causing the Laurentide ice sheet to break into lobes (Morris, 1994; Morris 2008).
These lobes retreated and advanced interchangeably in an approximate east-west
direction, creating a north-south trending end moraine east of Pelee Island called the
Pelee-Loraine Ridge (Figure 1.3) (Morris, 1994; Holcombe 1997; Morris 2008). This
ridge is also correlated with the formation of a proglacial lake (Lake Maumee), likely
responsible for the deposition of glaciolacustrine deposits and lacustrine sediment on
Pelee Island (Morris 2008; NOAA n.d.) In addition, a series of coarse-grained
glaciolacustrine materials and recessional moraines were deposited by the Huron lobe as

it retreated north and are capped by fine-grained glaciolacustrine deposits in the
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Leamington area, on the north shore of Lake Erie (Morris & Kelly 1996). These moraines
have a significant impact on Quaternary history of the area because they controlled the
flow of meltwater, thereby forming many glacial lakes and depositing glaciolacustrine
sediment in the Essex County region (Morris 1994). As a result, the overburden
stratigraphy in the Essex region consists of tills, lacustrine sediments, fine-grained
glaciolacustrine silt and clay, and coarse-grained glaciolacustrine sand. These deposits
laid down by glacial streams and lakes have strongly influenced soil development on
Pelee Island (Thompson 2000; Strynatka et al., 2004).
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Figure 1.3. Arrows indicate ice flow directions over the Essex County region during the
Port Bruce Stadials (modified from Morris 1994).
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1.3 Soil Formation Processes

1.3.1  Weathering

Weathering is a process that breaks apart rocks and minerals to form soils. There are
three types of weathering: physical, chemical, and biological. Physical weathering breaks
material down into smaller pieces but does not alter the chemical composition.
Breakdown of minerals by changes in temperature and erosion by wind, water, and ice
are examples of physical weathering. Chemical weathering changes the composition of
the original material during complex chemical reactions. Examples of some chemical
reactions that occur during chemical weathering are hydrolysis (reaction with water),
dissolution (reaction with acid) and oxidation-reduction reactions. Biological weathering
is the breakdown of materials by plants, animals, and microbes. All three of these
weathering processes are interdependent and work together to break down material (Weil
& Brady 2017).

Over time, weathering of minerals and degradation of organic material creates soil
horizons. There are four main horizons from top to bottom: O, A, B, and C (Berner &
Berner 2012). The O horizon is formed from an accumulation of partially decomposed
organic material and is usually only about 5 cm thick. It is dark brown to black and is
slightly more acidic than other soil horizons (Weil and Brady 2017). The A horizon,
sometimes referred to as topsoil, is directly below the O horizon and is composed mostly
of mineral particles, but is dark brown to black due to the leaching of organic matter from
the layer above (Berner & Berner 2012). The A horizon is usually 10-25 cm thick and the
majority of plants roots are found in this horizon. The B horizon, sometimes referred to
as subsoil, is lighter in colour than the A horizon because it contains much less organic
matter and has various amounts of accumulated materials that have been leached from the
horizons above or have been precipitated in place (Weil and Brady 2017). Thus, the B
horizon is a zone of accumulation, especially for silicate clay minerals (illite, kaolinite,

chlorite, vermiculite), iron and aluminum oxides, and/or calcium carbonate.

Carbonic acid and other acids formed from the decay of organic matter near the surface

are carried by percolating waters through the soil where they stimulate weathering
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reactions. Acid-charged waters dissolve minerals and leach soluble products from upper
horizons to lower horizons where pH is higher, and they can precipitate and/or adsorb to
mineral surfaces. Dissolved substances include positively charged cations (e.g., Ca?*) and
negatively charged anions (e.g., CO3* and SO4%). These processes create a zone of
depletion in upper layers and a zone of accumulation in lower layers. The C horizon is
the deepest and therefore the least weathered part of the soil horizon (Berner & Berner
2012). This horizon is often made of material from the biochemical weathering of the
regolith. Together, the A, B, and C horizons make the soil profile (Weil & Brady 2017).
It should be noted that this description of soil horizons has been generalized and there is
much variability within each of the horizons. Horizon formation and variability is
dependent on parent material, climate, geomorphology, and time (Weil & Brady 2017).
Pelee Island soils were formed from calcareous glacial till producing soils that have high
carbonate content (National Cooperative Soil Survey 2012; National Cooperative Soil
Survey 2014). The temperate humid climate of Pelee Island favours the accumulation of
organic matter in the A horizon, ultimately affecting distributions and accumulation of
elements in the B horizon (Weil and Brady 2017).

Soil horizon and profile development are dependent on many factors such as climate
(temperature and precipitation), topography, vegetation, time, and parent material. Under
favourable conditions (i.e. warm, humid, high relief topography that promotes drainage),
organic matter accumulation and formation of the A horizon can occur in 10-20 years and
structural alteration and colouring by accumulation of iron in the B horizon can develop
within a few hundred years. However, under less favourable conditions (i.e. dry, cold,
flat), the formation of silicate clay minerals and of blocky structure in the B horizon can
take a few thousand years (Weil & Brady 2017). Soil formation on Pelee Island is
favourable because of its warm humid summers followed by cold winters and equable
distribution of precipitation throughout the year (Shaw 2001). Total precipitation ranges
from 880 mm — 902 mm and two-thirds of it is received throughout the 7-month growing
season (Shaw 2001). In addition, vineyard managers have been adding locally grown
compost to island soils, which has increased soil organic matter content and enhances soil

development.
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1.3.2 Parent Material — Effect on Soil Formation

The parent material of the soil determines the nutrient supply of elements that are
released by weathering (Anderson 1988). Weathering of parent material affects soil
texture and composition, which in turn affects soil properties such as water and nutrient
retention, chemical weathering and soil acidity (Weil & Brady 2017). For example, soils
forming from soft rock or unconsolidated material, such as limestone or glacial till will
produce fine grained clayey soils, such as those seen on Pelee Island. Soils with high clay
content hold moisture more effectively than sandier soils and prevent nutrient leaching
(Jenny 1941). In addition, calcareous soils, such as those on Pelee Island are easily

weathered by the process of dissolution, which increases the pH of the soil.

1.3.3 Using REE to Trace Parent Materials in Soils

Rare Earth Elements (REE) have been used in numerous studies to trace the origin of soil
parent materials and track pedogenic processes (Laveuf & Cornu 2009) because REE
have low mobility and solubility in the soil profile due to their 3+ valence state (Laveuf
& Cornu 2009). The REE are a group of 17 elements with similar chemical and physical
properties and include the elements Ce, Dy, Er, Eu, Gd, Ho, La, Lu, Nd, Pr, Pm, Sm, Sc,
Th, Tm, YDb, Y (Hu et al. 2006). Although REE concentrations can be different between
parent material and soil, the processes of soil formation rarely influence relative
abundance, or distribution, of REE in soil horizons. This means that absolute
concentrations of REE may be different between parent material and soil and even within
soil horizons, however: REE distribution patterns (concentrations of REE relative to each

other) should be the same between parent material and soil (Bryanin & Sorokina 2014).

1.3.4  Soil Drainage on Pelee Island and Implications for
Pedogenetic Processes

Because of the saucer-shaped and low topography of Pelee Island, the center of the island

was once mostly submerged. The Pelee Island soils in the center of the island were

waterlogged until drainage systems were implemented in the 1890s and the island was

drained by a series of dykes and pumping schemes (Taylor et al. 1961). Thus, soils on

Pelee Island are young, around 100-200 years, and only started to develop a soil profile
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following drainage of the island in the 1890s. Prior to drainage, when the island was a
low-lying wetland, aeration and drainage were restricted and created anerobic conditions.
The weathering of minerals and decomposition of organic matter were therefore slowed
(Leyton & Yadav 1960). Artificial drainage systems implemented on the island produced
arable land, which led to greater productivity and growth because of improved oxygen

supply and enhanced rooting depth (Leyton & Yadav 1960).

Although the island has a relief of 175-182 m above sea level, it is only 10 m above Lake
Erie’s mean water level at its apex. This means that the water table on the island is high,
probably ranging between 1-10 m, which is typical of soils in humid regions (Chapman
and Putnam 1984). In areas with shallow groundwater, water removed from soil by plants
can be replaced by upward capillary movement from a shallow water table. The zone of
wetting by capillary movement is known as capillary fringe. The capillary rise can supply
plants with water during periods of low rainfall and it can also bring a steady supply of
dissolved ions to the surface (Weil & Brady 2017). Lateral movement of groundwater can
also transport elements through porous bedrock (aquifers) until they eventually
precipitate out of solution (Weil & Brady 2017).

A theory proposed by Slack (2015) suggested that groundwater carrying dissolved metals
(specifically Pb and Zn) from bordering carbonate-rich sedimentary basins (e.g. Michigan
Basin) could be contributing to the metal content of Pelee Island soils (Slack 2015). Lead
and Zn are dissolved in hot fluids and transported via salty groundwater. Groundwater
containing CI" can form aqueous complexes with metals. When these fluids are diluted
with fresh water and/or encounter H>S produced by sulfide reducing bacteria in organic
rich rocks or sediment, the metals can be deposited within the cavities of carbonate rocks
(Fowler 1993). Therefore, Slack (2015) predicted that soils on Pelee Island would have

increased amounts of Zn and Pb, and perhaps other anomalous element signatures.

1.3.5 Pelee Island Soils

Brookston and Toledo are the two most abundant soil types on Pelee Island. Figure 1.4
illustrates spatial distributions of these two soil types. Both were glacially derived and are
classified as gleysols (Sposito et al. 2008). Gleysolic soils occur in poorly drained areas
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surrounding Lake Erie and are developed on flat, calcareous tills, lacustrine deposits, and

slowly permeable clay plains. Both soil types are naturally poorly drained and may be

water-saturated within 50 cm of surface for long periods of time (Sposito et al. 2008).

However, since the implementation of artificial drainage on Pelee Island, these soils can

successfully support agriculture. In addition, both of these soil types are clay rich in clay

minerals such as: illite, kaolinite, and chlorite (Tolo 2019).

[_] Toledo Soil
Brookston Soil

Farmington Loam
<7 Eastport Sand
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Figure 1.4. Locations of Brookston and Toledo soils on Pelee Island (modified from
Essex Region Conservation Authority Interactive Mapping 2011).

Toledo clay is the most abundant soil type on the island followed by Brookston clay.

Toledo clay is most abundant at the center of the island where the bedrock surface is

deep. The Toledo soil was formed in clayey glaciolacustrine sediment (Government of
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Canada 2013a). The A horizon of Toledo clay is typically 0-30 cm thick, is composed of
dark grey clay and silt, and is stone free. The B horizon is approximately 30-80 cm thick,
is composed of dark brown clay, has high Fe and Mn oxide content throughout, and
contains pebbles of black shale and granite. The C horizon is 80* cm, contains gritty sand,

shale, and granite pebbles and is strongly calcareous (Chapman and Putman 1951).

Brookston clay is more abundant along the edges of the island where bedrock surface is
shallow. Brookston soils were formed from moraine material (till) and are composed of a
mixture of boulders, sand, silt, and/or clay (Government of Canada, 2013b). The A
horizon is approximately 15 cm thick, is composed of clay, and is mostly stone free. The
B horizon is 75 cm thick and is composed of clay. The C horizon is 90 cm thick and is

composed of clayey till and is highly calcareous (Richards et al. 1949).

Bruno Friesen, the Pelee Island vineyard manager, noted that vines on different regions
of the island had different productivity and growth rates and also noted that areas of the
island where soils were shallower had less grape production and growth compared to
plants in deeper soils towards the middle of the island. Slack (2015) suggested that this
observation may be a function of grape rooting depth. Shaw (2001) suggested that
because precipitation is at a minimum throughout the months of July and August, vines
that grow on shallow soils on the island are more likely to experience stress during this
time compared to deep and well drained soils, which provide vines with steady moisture
throughout the Pelee Island growing season. Shaw’s reasoning suggests that differences
in grape productivity on the island could result from different soil types. Toledo soils are
typically deeper and have higher clay content and therefore, have a higher water-holding
capacity compared to Brookston soils. Brookston soils are shallower and have larger
grain sizes, and thus have a lesser ability to retain moisture compared to Toledo soil.
There is a tendency for vines growing in deep Toledo soils to be more productive than

vines growing in shallow Brookston soils.
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1.3.6  Plant Nutrition — Macro and Micronutrients and Trace
Elements
There are several essential elements for plant nutrition and growth, and they can be
divided into two categories: macronutrients and micronutrients. Essential macronutrients
include Ca, N, K, Mg, C, H, O, P, and S. These macronutrients are >0.1% of dried plant
tissue. Carbon, hydrogen, and oxygen are taken up by the plants from air and water and
the remainder of the macronutrients are taken up by the plant through the soils. The
macronutrients can then be further divided into primary and secondary nutrients. The
primary, and most important nutrients are N, P, and K. The N content of Pelee Island
soils was assessed in a separate study. Jiang (2018) found elevated levels of *°N in Pelee
Island surface soils that could result from either the application of N-rich fertilizers
and/or faster N-cycling. This indicates that the N cycle is more open in surface soils;
thus, N is more available to plants in surface soils compared to deep soils on Pelee Island.

Secondary plant nutrients include Ca, Mg, and S. Essential micronutrients making up
<0.1% of dried plant tissue include Cu, Fe, Mn, Ni, Zn, B, CI, and Mo. These nutrients
are termed essential because they play important roles in plant growth and reproduction.
These elements enhance root growth and development, form amino acids and proteins,
and activate enzymes that are responsible for energy metabolism such as photosynthesis
(Weil & Brady 2017). Deficiencies in essential elements can inhibit plant growth, which

causes browning or yellowing of leaves, and inhibits or decreases fruit production.

A trace element is defined as an element that is present in a rock in concentrations of
<0.1% and they commonly substitute for elements in rock-forming minerals (Rollinson
1993). Incompatible elements and REE are subgroups within the trace element group.
Incompatible elements are incompatible in most mineral structures and are among the
first to weather out of minerals (Rollinson 1993). Examples include the elements Rb, Ba,
U, and La. Trace and REE are taken up by plants in small concentrations of <100 ppm,
but there are no conclusive studies stating that these elements are essential for plant
growth and reproduction (Alloway 2010). However, studies show that soils with high
concentrations of trace and REE (>1000 ppm) can produce plants with high and
sometimes toxic concentrations of these elements (Wuana & Okieimen 2011). In
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addition, some consumers suggest that minerals from the vineyard soils can be tasted in
the wine. The sensation of tasting minerals in wine is referred to as “minerality”.
However, there have been no conclusive studies to verify the taste of “minerality” in
wines (Howell & Swinchatt 2000; Parr et al. 2018).

1.3.7 Reactions in Soil Horizons and soil pH, HCO3s Content, and
Organic Matter
Nutrients are released into the soils originally by mineral weathering; however, the
bioavailability of these nutrients is dependent on many factors. Bioavailability is a term
used to describe nutrients that are available to the plant, and these nutrients are termed
plant extractable nutrients (PEN) (Alloway 2013). The PEN are either bound to soil
particle surfaces or organic matter where they are available for exchange with other ions
or are present in soil solution (Alloway 2013). The PEN are strongly affected by soil
characteristics such as pH, organic matter content and clay mineral content (which

control cation exchange capacity; CEC), and fertilizer application (Semple et al. 2003).

Soil organic matter is approximately 50% carbon and is made from the decay of organic
substances — often plant material. Plant tissue is decomposed to organic matter by
microbes in the soil. The stable organic matter that is resistant to further degradation is
called humus and accounts for approximately 5% of soils (Weil & Brady 2017). The role
of organic matter is very important within the soil profile. It improves the ability of a soil
to hold nutrients, decreases pH, and increases the soil’s water holding capacity. Organic
matter particles have both positive and negative surface charges enabling them to hold
both cations and anions in surface soils and thus providing important nutrients to the soil
available for plant root uptake (Weil & Brady 2017). Humus particles, also referred to as
soil colloids, have many H* binding sites in acidic soils, but can also release H* ions from
their binding sites in basic soils, therefore acting as an important pH buffer for soil
solution. Although organic matter works as a buffer, in the long-term, microbial
decomposition of organic matter produces organic acids that decrease soil pH and

enhance dissolution weathering reactions (Weil & Brady 2017).
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Soil pH is one of the most important factors controlling nutrient availability in soils and
the optimal pH range for plant growth is 5.5-7 (Weil & Brady 2017). Soils are often more
acidic near the surface because of accumulation and degradation of organic matter. The
H™ ions can be lost from organic matter, which decreases the pH of soil. This also creates
a negative charge on the humic molecules, which can bind with positive cations (Berner
& Berner 2012). In addition, decayed organic matter (humus) in the O horizon reacts with

oxygen from the atmosphere and rainwater to produce carbonic acid, from the reaction:
CH20 + Oz «» CO2 + H20 +» H2COs3

Carbonic and organic acids produced in the O horizon percolate into the A horizon,
where dissolution reactions occur. Dissolution is the reaction of acid with minerals to
produce ions in solution (including cations and bicarbonates), and secondary silicate clay
minerals (i.e. clays) (Berner & Berner 2012). Soil in the A horizon is close to the surface
and reacts with the atmosphere and rainwater through oxidation and hydrolysis reactions.
Oxidation is important for the decomposition of ferromagnesium minerals and hydrolysis
releases cations from mineral structures (Berner & Berner 2012). All of these reactions
cause ions to be leached from the A horizon, thus termed the zone of leaching (Weil &
Brady 2017). Specifically, Ca, Fe, and Mg are leached from this horizon because they are
part of silicate structures that are easily weathered and so are susceptible to dissolution

from organic acids (Berner & Berner 2012).

lons and clay particles leached from the A horizon will accumulate in the B horizon. This
is the zone of accumulation and precipitation of new minerals occurs in this horizon. Iron
and Mn will precipitate out of solution to produce Fe and Mn oxides and hydroxides,
which gives the B horizon its characteristic reddish hue. In addition, an increase in pH
results in the adsorption of ions onto mineral phases in the B horizon such as clay
minerals, oxides and hydroxides. Minerals will precipitate out of soil solution in the B
horizon because pH is high (Weil & Brady 2017). The pH is higher in the B horizon
because the dissolution of calcite (see reaction below) utilizes H* ions to produce Ca?*
and bicarbonate. Reduced carbon dioxide in deep soils causes the breakdown of carbonic

acid to produce carbon dioxide and water. Further, this causes a decrease in carbonic acid
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so that cations (such as Ca®*) and bicarbonate ions that were leached from the A horizon
combine to produce carbonic acid and calcite (calcium carbonate). These reactions occur
because the soil system must always maintain a state of equilibrium and reactions will

shift to achieve equilibrium and reduce changes within the soil profile (Berner & Berner

2012). This happens via the following reactions:
H2CO3 «» CO2 + H0
CaZ* (aq) + 2HCO3™ (aq) <> H2CO3+ CaCOs

Availability of nutrients for plants is dependent on the cation exchange capacity (CEC) of
the soil. The CEC is a measure of the number of cations that can be retained on
negatively charged surfaces in the soil and determines the ability of a soil to exchange
positive cations with the soil solution (Weil & Brady 2017). Particles that are small, such
as clay minerals and soil colloids, have larger surface area and will have a greater CEC
compared to particles that are larger and have less surface area, such as sand. Materials
with larger surface areas can bind more cations because they have a greater number of
negatively charged sites. In addition, clay mineral surfaces have a negative charge as a
result of their layered structure. They are arranged in sheets of negatively charged oxygen
and hydroxyl groups with an interlayer of positively charged cations. Cations of similar
charge and radius can replace cations in the interlayers of clay minerals. If the
replacement cation has a lesser charge than the original cation, the clay mineral will carry
an extra negative charge and higher negatively charged clay minerals have greater
exchange rates. This negative charge attracts positively charged cations in the soil
solution that can loosely bind to the negative clay surface to equalize the charge. These
cations are loosely bound to clay mineral surfaces and are not part of the clay mineral
structure and therefore, they can then be exchanged for other cations in the soil solution
(Weil & Brady 2017).

1.3.8 Distribution of Elements in the Soil Profile

Distributions of elements in the soil profile are affected by soil processes such as

weathering, leaching, accumulation, precipitation, and adsorption. Upon breakdown of
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organic matter, acids are released into the soil, which lowers the pH and breaks down
easily weathered minerals in surface soils, such as calcite (Berner & Berner 2012).
Concentrations of elements found in easily weathered minerals, such as Ca, are readily
released from surface soils and form ions (Ca?*) in solution that are leached into deep
soils. Thus, the process of mineral weathering creates a soil profile in which
concentrations of Ca are low in surface soils and high in deep soils (Weil & Brady 2017).
Conversely, elements such as Al and Si, that are in minerals that are more resistant to
weathering (quartz and feldspars) become more concentrated in surface soils because
they remain in residual minerals formed in upper horizons during mineral weathering
(Weil & Brady 2017).

The B horizon is where ions that have been released in the A horizon will accumulate.
Elements leached from the A horizon that accumulate in the B horizon commonly include
Ca, Fe, and Mn. The pH is higher in the B horizon, thereby causing Ca*? to precipitate as
calcite. In addition, elements with similar ionic radii to Ca, such as Mg and Sr, can
substitute for Ca in the mineral structure and are therefore, more abundant in deep soils
(Thorpe et al. 2012; Xiaolei et al. 2012). Iron and Mn leached from the A horizon also
accumulate in the B horizon and form Fe and Mn oxides and hydroxides. Fine clay
particles formed in the A horizon can also be transported to the B horizon through the
process of eluviation (Stonehouse & Arnaud 1971). Many metals have a high charge to
size ratio and will adsorb to negatively charged clay mineral surfaces and also to Fe and
Mn oxides and hydroxides in the B horizon (Uddin 2016; Ugwu & Igbokwe 2019). In
addition, Mo has a notably higher charge (+6) relative to other metals and is mostly
present in soils as the oxyanion MoO42. It is least available in acidic soils, most available
in soils with pH above 6.5, and is most strongly adsorbed by Fe hydroxides. Thus, Mo is
leached more easily from surface soils compared to other metal elements, leading to

higher abundances in deep soils (Alloway 2010).

Adsorption of plant extractable nutrients is highest in surface soils because weathering is
most intense and organic matter accumulation high. This is because organic matter has a
higher CEC compared to clay minerals with a measured CEC ranging from 150-500

cmolc/kg compared to clay minerals ranging from 2-170 cmolc/kg (both measured at pH
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of 7) (Weil & Brady 2017). Thus, ions released by weathering are adsorbed to organic
matter particles in surface soils. Plant extractable metals tend to accumulate in surface
soils because soil organic matter has many negatively charged surfaces on which
positively charged metal ions can adsorb. However, there are some exceptions; Mo and U
are more available in deeper soils. Both Mo and U have relatively higher charges (+6)
compared to other metals and thus are strongly sorbed by Fe hydroxides and oxides,
respectively in the B horizon (Alloway 2010). Plants can also cause enrichment of some
extractable elements in surface soils. When plant litter starts to decompose at the soil’s
surface it releases elements into solution, which are taken up by negatively charged

surfaces of organic matter particles (Aide 1999).

In agricultural soils, fertilizers also affect the distribution of elements throughout the soil
profile. Fertilizers are added to surface soils and can increase concentrations of elements
in surface soils. The main components of fertilizers are P, K, N, but they also contain
small amounts of trace elements, which can add to the elemental content of surface soils
(Otero et al. 2005; Laveuf & Cornu 2009; Zhang et al. 2019). Anthropogenic influences
can also increase amounts of elements in the soil profile. Elements such as Pb and Cd can
have higher concentrations in surface soils as a result of airborne pollution (e.g. from

automotive gasoline) and soil additives (Sheppard et al. 2009).

Element distribution in the soil profile depends on many factors such as parent material,
climate, and anthropogenic influences, and is affected by soil processes such as
weathering, leaching, accumulation, precipitation, and adsorption. These factors and

processes are crucial to understand and assess soils on Pelee Island.

1.4 Purpose and Objectives

Wine terroir is in part influenced by soil composition and the nutrients that are available
to the plants (Slack 2015). The first objective of this study is to determine whether the
chemistry of the bedrock affects the soil composition on Pelee Island. The second
objective is to determine how mineralogy and soil chemistry on Pelee Island vary
between the Brookston and Toledo soils, which are both used for vineyards. The final

objective is to assess if soil depth, type, or agricultural treatment affect the availability of
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nutrients in the soils on Pelee Island. The results of this study will provide Pelee Island
winery with an understanding of the variability in soil chemistry among the vineyard
fields, which may allow them to tailor their soil management strategies to improve grape
quality. In addition, identifying unique soil characteristics may enable the Pelee Island
Winery to apply to be re-instated as its own appellation, thereby increasing the
marketability of their wine. This study will determine the main controls on soil
geochemistry in calcareous vineyard soils throughout the top 2 m of the soil profile. This
approach could be applied to other vineyards and other crop types to develop or further
enhance crop management practices.
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Chapter 2
2  Methodology

This chapter outlines the following: sample locations and collection methods, sample
descriptions and preparation, methods used for soil sample analysis, and methods used to
determine soil depth on Pelee Island.

2.1 Location and Climate of Pelee Island

Pelee Island is located approximately 20 km off the north shore of Lake Erie at
41.7745°N/82.6591°W. Pelee Island has warm summers, cold winters, and evenly
distributed precipitation throughout the year (Shaw 2001). Throughout the growing
season, which generally starts late May and ends mid-October, average temperatures
range from 18°C during the day to 8.6°C at night, with an average rainfall of 81.1 mm
(Weather Atlas 2020). Growing season ends when autumn frost commences, with earliest
reports of frost on October 5 and latest on December 2 (Shaw 2001). Table 2.1
summarizes average monthly temperatures and precipitation on the island from 2002 —
20109.

Table 1.1. Reported average monthly daily high and overnight low temperatures and
precipitation on Pelee Island from 2002-2019 (Weather Atlas 2020).

Month  Temp. Hig Temp. Low Rainfall (mm)
Jan -2 -8.1 242
Feb -0.3 -7 23
Mar 51 -1.9 58.7
Apr 11.3 34 79.9
May 18 9.7 86.4
Jun 24.2 15,5 92.2
Jul 27.5 18.9 78.9
Aug 26.3 18.1 87.4
Sep 22.7 14.2 86
Oct 16.2 8.6 55.5
Nov 8.1 2.5 79.3
Dec 1.8 -3.7 64.5

2.2 Sample Collection

Nineteen soil profiles were sampled throughout the island at the locations illustrated in

Figure 2.1. The sites were chosen based on depth to bedrock, soil type (Brookston or
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Toledo), and fertilization strategy. Table 2.2 summarizes the soil sampling locations and
sampling information of each soil core and Table 2.3 includes weather information

during sampling days (Government of Canada 2019).

Legend

Brookston Soil 28CH
Toledo Soil E | e
Glacial Till 23CH3CH  25acH

B Bedrock e e 24CF
24R

13(':"‘: 25bCH.
12CF
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15A=

5GM318D
5GM318 RgR

Figure 2.1. Locations of soil samples, bedrock samples, and glacial till samples on Pelee
Island.



Table 2.2. Summary table of sampling information for Pelee Island. Table includes field number, grape/plant type, sample

identification (soil and grape), GPS locations (decimal degrees), soil type, soil depth to bedrock (m) from seismic survey, and
soil coring depth (m) of soil cores extracted and grapes collected. Note that the coring tool only sampled to a depth of 2.44 m,

and thus coring depths of <2 m in fields with no seismic data indicate the soil depth at respective locations. EL: elevation
above sea level.

;'eld Grape / Plant Type gg:rlwple D SD:rfple q Grape Sample ID Location (decimal degrees)  Soil Type DeBpet(rj]r(()rﬂ; Depct:r? r(lr?g
Easting Northing  EL (m)
1 Alfalfa 1A 15-Oct-17 - -82.6696  41.7537 178 Brookston - 1.52
5 Geisenheim 5GM318 15-Oct-17 - -82.6867 41.7531 178 Brookston 2 1.45
5 Geisenheim 5GM318D 28-Aug-17 - -82.6833  41.7536 178 Brookston - 1.83
10 Cabernet Franc 10CF 17-Oct-17  PI-GRAPE-10CF -82.6601  41.7708 174 Toledo 18-21 2.39
12 Cabernet Franc 12CF 17-Oct-17  PI-GRAPE-12CF -82.6600 41.7744 174 Toledo - 2.36
13 Cabernet Franc 13CF 17-Oct-17 PI-GRAPE-13CF -82.6601 41.7761 174 Toledo 13-22 2.17
15 Alfalfa 15A 17-Oct-17 - -82.6610 41.7657 175 Toledo 17-19 2.26
22 Chardonnay 22CH 16-Oct-17  PI-GRAPE-22CH -82.6622  41.7843 173 Toledo 25 2.36
23 Chardonnay 23CH 28-Aug-17 PI-GRAPE-23CH -82.6677  41.7850 173 Toledo 20-30 2.08
24 Cabernet Franc 24CF 17-Oct-17  PI-GRAPE-24CF -82.6547  41.7800 174 Toledo 13-19 2.32
24 Wheat 24R 17-Oct-17 - -82.6558  41.7803 174 Toledo - 2.34
25 Chardonnay 25aCH 16-Oct-17  PI-GRAPE-25aCH -82.6520 41.7836 174 Toledo - 1.52
25 Chardonnay 25bCH 16-Oct-17 PI-GRAPE-25bCH -82.6522  41.7777 174 Toledo - 1.71
26 Cabernet Franc 26CF 17-Oct-17 PI-GRAPE-26CF -82.6576  41.8010 173 Toledo 18-25 1.57
27 Cabernet Sauvignon ~ 27CS 29-Aug-17  PI-GRAPE-27CS -82.6499  41.7983 174 Toledo 5 1.40
27 Geisenheim 271GM318  29-Aug-17 PI-GRAPE-27GM318 -82.6547  41.8009 173 Toledo - 2.24
27 Gewdrztraminer 27GW 29-Aug-17  PI-GRAPE-27GW -82.6527 41.7967 174 Toledo - 2.10
27 Lavender 27L 29-Aug-17 - -82.6488  41.7956 176 Toledo 0.6 0.63
28 Chardonnay 28CH 16-Oct-17  PI-GRAPE-28CH -82.6646  41.7903 173 Toledo 22-27 2.69
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Table 2.3. Weather on Pelee Island on sampling days. Data retrieved from Environment
Canada: Climate ID: 6134190, Kingsville, 42°02°35.064°N/82°40°26.088”W, 200.0m.
Note that on August 28, 26mm of precipitation occurred after sampling (Government of
Canada 2019).

Date (2017) Mean Temperature (°C) Total Precipitation (mm)

28-Aug 20.5 26
29-Aug 20.5 2
15-Oct 19.5

16-Oct 9.8 0
17-Oct 13.3 0

Soil core samples were extracted using a gas-powered core sampling kit along with the
REDI Boss Hammer - part # 360.01, both purchased from AMS Inc. The metal sampling
rod was assembled and 3.8 x 61 cm PVC plastic tube liners (5006.423) were inserted into
the stainless-steel coring tool. The hammer was placed on top of the rod while operators
held onto the handles and applied a downward force assisting it into the ground. As the
corer was pushed into the ground, soil entered the plastic tube liners. The rod was then
removed by a foot pedal or fork-lift, and once fully removed, the PVC tubes were
removed from the corer, capped, and put into a cooler. At each location, this process was
completed twice, four feet at a time to retrieve one core with a total length of 2.44 m.
Once the first 1.22 m of soil core was removed from the ground, another metal sampling
rod was attached to the original rod and assembled into a 2.44 m metal rod. The 2.44 m
rod was reinserted into the existing hole, and the REDI Boss Hammer was used to push
the remainder of the rod into the ground to obtain the remaining 1.22 m of soil core.
Figure 2.2a displays all parts of the sampling kit. Figure 2.2b shows how the parts are
assembled and Figure 2.2¢ shows the sampling kit in use. An instructive video on how to
use the gas-powered core sampling kit can be found on the AMS website at:

https://www.ams-samplers.com/gas-powered-core-sampling-kit.html.


https://www.ams-samplers.com/gas-powered-core-sampling-kit.html
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Figure 2.2. Images of the soil sampling kit used to extract soil cores on Pelee Island. A)
Disassembled components of the sampling kit; B) assembly of the sampling kit; C)
operation of the sampling kit. Figures retrieved from the AMS website (AMS 2019).

In addition to soil samples, bedrock, grape, till, and fertilizer samples were also collected.
Six bedrock samples were collected from areas on the island where bedrock was exposed.
Three till samples were collected from the bottom of a freshly dug well approximately 3
m deep. The locations of these bedrock and till samples are listed in Table 2.4 and are
illustrated in Figure 2.1. Approximately 10-30 grapes from the same vine were picked
from each of the fields where soil was sampled and frozen upon return to the university.

However, because sampling was done following the harvest, grapes were not collected
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from every field where soil was sampled because some vines had no grapes. Table 2.2
indicates fields where grapes were sampled. The vineyard manager, Bruno Friesen,
supplied nine fertilizer and compost samples that had been applied to the vineyard fields
during the 2017 growing season. Table 2.5 indicates types of fertilizers used and their
sample identification. UAN is a urea ammonium nitrate fertilizer and AGRIS
(Agricultural Innovation and Solutions) is the company that produces fertilizer containing
N, P, K, S, Mg, Zn, Fe, Mn, Cu, and B.

Table 2.4. Sample identification and GPS locations of bedrock and till samples. Note that
glacial tills were sampled from one location and on Figure 2.1 are labeled as GT.

Sample ID Location

Northing Easting
PI-18-2 41.8162 -82.6468
PI-18-3 41.8162 -82.6468
P1-18-4 41.8148 -82.6849
P1-18-5 41.803 -82.631
P1-18-6 41.7436  -82.6363
P1-18-7 41,7531 -82.6798

GT1 41.8034 -82.6318
GT2 41.8034 -82.6318
GT3 41.8034 -82.6318

Table 2.5. Types of fertilizers used on Pelee Island and their sample identification. UAN
is a urea ammonium nitrate fertilizer, and AGRIS (Agricultural Innovation and Solutions)
and Thompsons are fertilizer companies.

Sample ID  Type

FERT1 Liquid Fish

FERT3 Molasses

FERT3 UAN 25% (liquid fertilizer)
FERT4 AGRIS (chemical fertilizer)
FERT5 Thompsons (chemical fertilizer)
FERT6 Compost 2017

FERT7 Old Compost

FERTS Young Compost

FERT9 Compost

2.3 Sample Description and Preparation

Each soil core was logged by indicating key features such as colour and texture. Soil
colour was identified using a Munsell soil colour book. Full descriptions of each soil core
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are included in Appendix D. After each core was described, four samples were taken
from each, with the exception of 5GM318D and 27L, where three and two samples were
taken, respectively. Fewer samples were taken from these cores because core 27L was a
short soil core due to proximity to bedrock, and during extraction from a PVC tube, soil
was lost from soil core 5GM318D. It is important to note that throughout this paper,
unless otherwise specified, sampling depths will be referred to as sections 1, 2, 3, and 4 in
each core; one is the shallowest sampling section (soil depth sampling range of 0-46 cm),
followed by section 2 (soil depth sampling range of 29-110 cm), section 3 ( soil depth
sampling range of 73-188 cm), and section 4 (soil depth sampling range of 110-269 cm).
True sampling depths for each soil sampled are provided in Appendix H. The samples
taken from each core were sampled at different depths and chosen based on soil horizon.
Thus, the sampling depth labeling scheme (i.e. sectionsection 1, 2, 3 and 4) is used to
indicate relative sampling depths among soil cores. The soil horizons were distinguished
primarily by colour and texture; A horizons were dark brown with almost no rock
fragments, whereas B horizons were often light brown and locally contained rock
fragments. At least one sample was taken from each horizon, section 1 soil samples
indicate samples taken from the A horizon while sections 2, 3, and 4 indicate samples
taken from the B horizon. A total of 73 soil samples were collected from all soil cores.
Soil samples were dried in an oven at 105°C for 48 hours. After 48 hours in the oven, 100
g of each dried soil sample was pulverised to a grain size of 90 um using the vibratory
pulveriser - ring and puck mill at Western University. The ring and puck pulverising mill
contained a steel grinding bowl (complete with a lid, metal ring and puck) into which soil
samples were placed. The motor in the mill vibrated and rotated both the bowl and its
contents (soil sample, metal ring and puck), which pulverized the samples. After the
samples were pulverized, they were sent to Geoscience Laboratories (Willet Green Miller
Ctr Level A4 & A5, 933 Ramsey Lake Rd., Sudbury, ON P3E 6B5) for geochemical
analysis. Another 100 g of each dried soil sample was crushed with a porcelain mortar
and pestle, sieved to a size of <2 mm, and sent to Activation Laboratories (41 Bittern St.,
Ancaster, ON L9G 4V5) for plant extractable nutrient analysis. Another 50 g of soil from
cores 5GM318 (Brookston soil) and 26CF (Toledo soil) were rehydrated and wet sieved

through 106 um, 90 um, 53 um, 20 pum sieves to measure grain size.
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Bedrock samples were described (full descriptions are included in Appendix E) and 50 g
of each sample were pulverised using the vibratory pulveriser - ring and puck mill at
Western University to a grain size of 90 um and sent to Geoscience Laboratories for
geochemical analysis. Till samples were also sent to Geoscience Laboratories for sample
preparation (pulverising - SAM-SPG) and geochemical analysis. The frozen grapes were
washed by hand with distilled water and phosphate-free soap and frozen grapes were sent

to Activation Laboratories for analyses.

2.4 Sample Analysis

2.4.1  Soil Minerology, Geochemistry, and Plant Extractable
Nutrients
X-ray diffraction (XRD) was used to determine the mineralogy of all bedrock samples
and six soil profiles: 22CH, 24CF, 25aCH, 25bCH, 5GM318, and 5GM318D. The six
soil profiles were chosen to compare the difference in minerology between: deep and
shallow soils; Brookston and Toledo soils; and fertilized and unfertilized soils. The XRD
analysis was performed using a Rigaku rotating-anode X-ray diffractometer with CoKa.
radiation source at Western University in the Laboratory for Stable Isotope Science
(LSIS).

Major elements in the soil were analyzed by Geoscience Laboratories using x-ray
fluorescence (XRF-MO1). First, soil samples went through a three-step loss on ignition
program (LOI-3ST) to determine water, organic, and carbonate content within the soils.
This three-step process involved heating samples at: 105°C in a nitrogen atmosphere;
500°C in an oxygen atmosphere; and 1000°C in an oxygen atmosphere. This produced a
total LOI at 1000°C. The amount of time each sample remained in the oven varied from
30 minutes to 3 hours and was dependent on sample consistency. This means that each
sample (1 g or 2 g) remains at each temperature until there is equal or less than 0.03%
(x0.003 g or £0.006 g respectively) variation in weight for three consecutive weighings
(each about 4 minutes apart). Sample consistency is a more reliable measure than length
of time in the oven because consistency indicates that a sample has completed all
processes at each specific temperature. After each step, the soil was cooled and
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reweighed to determine amount of material lost during the ignition process. The LOI
lower limit weight percent is accurate to £0.05 percent. Following the LOI program, the
soil samples were fused with a borate flux to produce a glass bead for XRF analysis.
Each analyte was expressed as its oxide: Al.O3, BaO, CaO, Cr.03, Fe203, K20, MgO,
MnO, Na20, P20s, SiO», and TiO, (Ontario Ministry of Northern Development and
Mines 2018). Appendix F includes LOI raw data.

Minor, trace, and rare earth elements were analyzed by Geoscience Laboratories using
inductively coupled plasma — mass spectroscopy (ICP-MS) custom analysis (IMX-CUS).
Prior to analysis, the soil samples were pretreated with a custom closed multi-vessel acid
digest SOL-CUS. This solution was used for complete dissolution of silicates in samples.
Unlike regular pre-treatments (SOL-CAIO), and regular ICP-MS (IMC-100), both the
pre-treatment and ICP-MS analyses were custom. This is because the soils contained
abundant organic matter (high graphite content) and needed to be oxidized prior to
digestion to prevent dangerous reactions between the organic component and perchloric
acid used in digestions (Ontario Ministry of Northern Development and Mines 2018).
The elements analysed by ICP-MS were: Ba, Be, Bi, Cd, Ce, Co, Cr, Cs, Cu, Dy, Er, Eu,
Ga, Gd, Hf, Ho, In, La, Li, Lu, Mo, Nb, Nd, Ni, Pb, Pr, Rb, Sb, Sc, Sm, Sn, Sr, Ta, Tb,
Th, Ti, TI, Tm, U, V, W, Y, Yb, Zn, and Zr.

Plant extractable nutrients were analysed by Activation Laboratories (Actlabs). Actlabs
performed a calcium chloride leach on 73 soil samples. Twenty mL of 0.01 mol/L CaCl;
solution was added to 20 g of each soil sample. The solution was placed on a mechanical
shaker for 2 hours. After the solution was filtered, each sample solution was analyzed by
ICP-MS for the following elements: Si, Ti, Al, Mn, Mg, Na, K, B, Ba, Co, Cr, Cs, Cu, Li,
Mo, Nb, Ni, Pb, Rb, Sc, Se, Sr, Th, U, V, Zn, and Zr and by inductively coupled plasma

atomic emission spectroscopy (ICP-OES) for: Fe, P, and S.

Houba et al. (2008) and Van Raij (2008) examined numerous types of soil nutrient
extraction methods and concluded that the CaCl. leach was one of the best at determining
nutrient bioavailability in soils. This leach has been suggested to more accurately mimic

cation exchange that would occur at the plant root interface because Ca from the CaCl>
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solution would exchange with cations attached to soil particle surfaces, thereby releasing
them into solution, which can later be measured by ICP-MS (Houba et al. 1986). Houba
et al. (1986) also suggested that this method was quick and could be used to analyze
many elements in the soil, while still being cost effective. For these reasons, the CaCl;
leach was chosen over the more frequently used soil extraction methods such as Olsen
sodium bicarbonate, ammonium acetate, diethylene triamine penta-acetic acid — DTPA,
and/or, ethylene diamine tetra-acid — EDTA, phosphoric acid to measure the
bioavailability of the soils.

2.4.2 Bedrock Geochemistry

The bedrock samples were analysed by Geoscience Laboratories for minor, trace, and
REE. They were analysed by ICP-MS (IMC-100) and were pretreated with a closed
multi-vessel acid digest (SOL-CAIO). The elements analysed were: Ba, Be, Bi, Cd, Ce,
Co, Cr, Cs, Cu, Dy, Er, Eu, Ga, Gd, Hf, Ho, In, La, Li, Lu, Mo, Nb, Nd, Ni, Pb, Pr, Rb,
Sh, Sc, Sm, Sn, Sr, Ta, Th, Th, Ti, Tl, Tm, U, V, W, Y, Yb, Zn, and Zr (Ontario Ministry
of Northern Development and Mines 2018). The elements from the bedrock were used to

compare similarities and differences among soil samples and bedrock.

2.4.3 Glacial Till Geochemistry

Till samples were analysed by Geoscience Laboratories for major, minor, trace, and REE.
Major elements were analysed by XRF (XRF-MO01) and each analyte was expressed as its
oxide: Al.O3, BaO, Ca0, Cr203, Fe203, K20, MgO, MnO, Na20, P20s, SiO2, and TiOx.
Minor, trace, and REE were analysed by ICP-MS (IMC-100) and were pretreated with a
closed multi-vessel acid digest (SOL-CAIO). Elements analysed were: Ba, Be, Bi, Cd,
Ce, Co, Cr, Cs, Cu, Dy, Er, Eu, Ga, Gd, Hf, Ho, In, La, Li, Lu, Mo, Nb, Nd, Ni, Pb, Pr,
Rb, Sb, Sc, Sm, Sn, Sr, Ta, Th, Th, Ti, Tl, Tm, U, V, W, Y, Yb, Zn, and Zr (Ontario
Ministry of Northern Development and Mines 2018). Elements from the tills were used to

compare similarities and differences among soil samples and tills.
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2.4.4  Grapes and Fertilizer Geochemistry

Fertilizers applied to vineyards were analyzed for trace and REE. Analysis was
performed by ActLabs, using ICP-MS. Prior to ICP-MS analysis, fertilizer samples were
digested using an acid matrix containing HCI and HNOs. Elements analysed were: Li, B,
Na, Mg, Al, Si, P, S, K, Ca, Sc, Ti, V, Cr, Mn, Fe, Co, Ni, Cu, Zn, Se, Rb, Sr, Zr, Nb,
Mo, Cs, Ba, La, Ce, Pr, Nd, Sm, Eu, Gd, Th, Dy, Ho, Er, Tm, Yb, Lu, Pb, Th, and U.
Grapes were also analysed for trace elements. Analysis was performed by ActLabs, using
ICP-MS. Prior to analysis, grape samples were pretreated with a microwave digestion
method using HNOs, H202, and HCI. Elements analysed were: Li, B, Na, Mg, Al, Si, P,
S, K, Ca, Sc, Ti, V, Cr, Mn, Fe, Co, Ni, Cu, Zn, Se, Rb, Sr, Zr, Nb, Mo, Cs, Ba, Pb, Th,
and U.

2.5 Soil Depth Seismic Survey

Seismic refraction is a geophysical method commonly used to detect compositional
differences among subsurface layers. This is performed using an energy source (hammer)
to produce vibrational waves and a seismograph and geophones to measure vibrations.
Seismic waves travel at different velocities in different types of soil or rock and are
refracted at different angles when they cross the interface boundary between different
rock or soil types. The velocities of compressive waves (P-waves) in each layer can be
calculated from first-arrival picking of direct and critically refracted waves. The depth to
each interface can then be calculated to determine layer thickness. Thus, a geophysical
survey was conducted by Kukovica and Pratt (2018) to measure depth to bedrock at
twelve locations throughout the island. The results of this survey are included in the Pelee
Island Survey Report in Appendix M. The locations of each survey were taken within a
few meters of soil sampling locations in fields 5GM318, 10CF, 13CF, 15A, 22CH,
23CH, 24CF, 26CF, 27CS, and 27GM318. This survey used refraction seismology to
measure thicknesses of soil layers and depth of soil. The signals sent and received by
geophones measure the velocities of each layer, to identify different compositions and
thicknesses of each layer. The geodes were spaced at optimal and equal distances from
each other so they could receive return velocities of output signals; most often the

optimal geophone spacing was 4 m. Geodes were set up 1, 4, 5, or 10 m apart from each
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other. One m spacing was too narrow for sensors to detect reflections from the bedrock,
and therefore geode spacing was increased. The velocities of the seismic waves indicated
the type of material. Dense material, such as bedrock, had higher velocities than less
dense material such as soils. The survey detected three layers: soil, clay, and bedrock
(Kukovica & Pratt 2018). Because Pelee Island has a history of glaciation and has known
glacial till deposits, the clay layer from the geophysical report will be referred to

throughout this paper as glacial till.
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Chapter 3
3 Results

This chapter provides depth and profile descriptions of Pelee Island soils and identify
important soil properties such as soil organic matter content, carbonate content, and soil
pH. Soil, bedrock, glacial till, plant extractable nutrient, and fertilizer geochemical data

are also provided in this chapter.

3.1 Depth to Bedrock

The thicknesses of soil and till from ground surface to bedrock surface are included in
Table 3.1. The results from the geophysical survey show that Brookston soil in field
5GM318 is very shallow; it is 2 m deep and lies directly over bedrock. The seismic
survey results show that Toledo soil in field 27CS is shallow; it is 1 m deep followed by 4
m of till, which directly overlies bedrock. Soil is very shallow in field 27L because
during soil core sampling bedrock was reached at 0.6 m. The remainder of the fields with
Toledo soils are deep; soils are 1-3 m deep followed by till layers ranging from 14-22 m
thick, which directly overlie bedrock (Table 3.1). Images of the subsurface produced
from seismic refraction surveys can be found in Appendix C. The images illustrate the

thicknesses of layers in each field.

Table 3.1. Average thicknesses of soil, till, and depth to bedrock on Pelee Island
determined by the seismic survey. Note that the topography of underlying bedrock is
variable, so that maximum and minimum depth to bedrock are provided in the table as
ranges.

Field Soil Thickness (m)  Average Till Thickness (m) Depth to Bedrock Range (m)
5GM318 2 0 2
10CF 3 15 18-21
13CF 1 16 13-22
15A 1 17 17-19
22CH 2 20 25
23CH 2 22 20-30
24CF 1 14 13-19
26CF 1 20 18-25
27CS 1 4 5
28CH 1 22 22-27
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3.2 Soil Properties

3.2.1  Profile Description, Organic Matter and COz" Content

Of the nineteen soil cores extracted, each were logged in detail, and the logs can be found
in Appendix D. The A horizon of each soil core is dark brown due to the presence of
abundant organic matter. Average organic matter content in surface soils is 5.24% by
weight, whereas average organic matter content in deep soils is 2.24% by weight (Table
3.2). Fields 1A and 15A have the lowest organic matter content with weight percentages
of 3.05% and 3.95% respectively, whereas field 27L has the highest organic matter
content with a weight percent of 8.15% (Table 3.2). The A horizon is on average
approximately 30 cm deep. The soils here have a crumbly texture and contain abundant
root hairs. The B horizons are characterized by soil that has a sticky consistency and
smaller particle size compared to the A horizons. In deeper soils, the B horizons range in
colour from a greenish grey to a reddish-brown and many contain lithic fragments, which
constitute <1% of this horizon. The lithic fragments are 0.5-1 cm, black, and sub-angular
to angular or white, 0.5-3 cm and angular. In addition, blebs of yellowish silty sand are
located in some of the deeper soils of the B horizon. The thickness of the B horizon
varies and is dependent on soil depth to bedrock. The B horizon is thicker in deeper soils,
and thinner in shallower soils. In the deeper soils, such as 24CF, 10CF, 13CF, 12CF,
22CH, 24R, 28CH, 27GW, 5GM318D, 23CH, 27GM318, 15A, 26CF, and 25bCH, this
layer constitutes the whole lower portion of the core and thus could be >2 m. In shallower
soils, the thickness of the B horizon averages about 50 cm. The C horizon is only present
in shallow soils, such as 5GM318, 27CS, 1A, 27L, and 25aCH and has the same reddish-
brown colour as the B horizon. However, it contains a greater abundance of lithic
fragments compared to the B horizon, which comprise 2-5% of the soil. These lithic
fragments are white, angular and range in size from 0.5-3 cm. Lithic fragments are found
in soils that are near bedrock and some of the lithic fragments could originate from the
underlying carbonate bedrock.

Carbonate content in section 4 soils is high with an average of 11.19% and standard
deviation of 1.83%, whereas carbonate content in shallow soils is low with an average of
0.99% and standard deviation of 0.18% (Table 3.3). In section 1 soils, fields 1A and



27CS have the lowest carbonate content with values of 0.7% and 0.8%, respectively
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whereas fields 25aCH and 15A have the highest carbonate content in section 1 soils with

values of 1.38% and 1.24%, respectively. In section 4 soils, fields 26CF and 27CS have

the lowest carbonate content with values of 7.83% and 6.26%, respectively whereas field

24CF has the highest carbonate content in section 4 soils with a value of 13.03%. Fields

26CF and 27CS have low carbonate content at all depths. Sampling section 1 and 4 soils

have the lowest and highest carbonate content averages respectively, but also have the

lowest standard deviations. This indicates that the variability of carbonate content at these

depths is low. In comparison, sampling section 2 and 3 soils have the largest standard
deviations (3.85% and 3.17% respectively) and indicates high variability of carbonate

content (carbonate content ranges from 0.8 — 13.68%).

Table 3.2. Organic matter content, measured in weight percent (dry), of each soil sample

arranged by field and sampling depth on Pelee Island as determined by LOI. Average
organic matter content as well as standard deviations for each depth are included.

Field ID

OM: Section1l Section2 Section3 Section 4

1A
5GM318
5GM318D
10CF
12CF
13CF
15A
22CH
23CH
24CF
24R
25aCH
25bCH
26CF
27CS
27GM318
27GW
27L
28CH
Average
St. Dev.

3.05
4.13
4.22
5.73
4.99
4.28
3.95
5.96
6.47
4.43
4.65
4.55
521
6.97
5.86
4.92
5.92
8.15
6.06
5.24
1.21

2.44
3.13
2.55
3.05
2.24
3.08
3.20
3.25
2.89
2.80
2.97
3.57
3.39
3.65
3.35
3.04
2.39
4.24
3.75
3.10
0.50

1.99
2.35
2.05
2.12
2.39
2.68
3.81
2.19
2.98
2.02
2.54
2.14
2.33
3.15
3.04
2.40
2.48

2.29
2.50
0.48

249
2.68

2.13
1.98
2.20
2.22
191
2.60
211
2.01
2.08
2.37
3.51
297
297
191

2.08
2.37
0.45



Table 3.3. Carbonate content, measured in weight percent, of each soil sample arranged
by field and sampling depth on Pelee Island as determined by LOI. Average carbonate
content as well as standard deviations for each depth are included.

Field ID

CO3z: Section1 Section2 Section3 Section 4

1A
5GM318
5GM318D
10CF
12CF
13CF
15A
22CH
23CH
24CF
24R
25aCH
25bCH
26CF
27CS
27GM318
271GW
27L
28CH
Average
St. Dev.

3.2.2 Soil pH

Lower pH values were measured in surface soils and higher pH values in deeper soils

0.70
0.64
0.91
1.18
0.95
1.08
1.24
1.04
1.12
0.87
0.94
1.38
1.02
0.87
0.80
1.04
0.95
0.97
1.07
0.99
0.18

11.78
6.43
10.12
8.27
12.49
5.40
2.03
2.20
6.45
3.72
1.18
1.94
1.04
0.80
1.03
2.26
6.50
3.27
9.36
5.07
3.85

12.75
11.97
13.42
12.24
10.37
10.65

3.82
12.09

8.10
12.51
10.17
13.68
11.31

7.75

2.05
11.66

9.39

12.32
10.35
3.17

10.63
11.83

12.72
12.02
11.24
10.79
12.46
10.34
13.03
11.65
12.37
12.13

7.83

6.26

9.80
12.38

12.80
11.19
1.83
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(Table 3.4). In section 1 soils, pH values range from 5.37 — 7.34 with an average of 6.52

and standard deviation of 0.57. Section 2, 3 and 4 soils range from a pH of 7.00 — 8.27
with an average of 7.93 and standard deviation of 0.30. This indicates that pH in the A
horizon is more variable than in deep soils. Section 1 soils of fields 24CF, 24R, and
25bCH had comparatively low pH values of 5.37, 5.63, and 5.76, respectively, whereas

section 1 soils of fields 1A, 10CF, and 25aCH had comparatively high pH values of 7.34,

7.21, and 7.31, respectively. In addition, although they are located near each other, the

pH values of section 1 soils in fields 25aCH and 25bCH are very different, with values of

7.31% and 5.76%, respectively. Table 3.4 displays the pH values of all soil samples.



Figure 3.1 illustrates the relationship between organic matter content and soil pH.
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Organic matter content of soils and soil pH have a negative relationship, meaning that as

organic matter content decreases, soil pH increases. Figure 3.1 shows that soil samples
taken in section 1 have high organic matter content and low pH, whereas soil samples

taken in section 2, 3, and 4 soils have low organic matter content and high soil pH. Figure

3.2 illustrates the relationship between carbonate content and soil pH and shows that

carbonate content and soil pH have a positive exponential relationship. This means that as

soil pH increases, soil carbonate content increases exponentially. Figure 3.2 shows that

carbonate content only starts to increase when soil pH is above 7.5. Further, a few

observations should be noted: section 1 soils always have low carbonate content (average

of 0.99%); carbonate content of section 2 soils is highly variable (0.8-12.49% with a
standard deviation of 3.85%); and section 3 and 4 soils have high carbonate content
(average of 10.35 and 11.19% respectively).

Table 3.4. pH values of each soil sample arranged by field and sampling depth on Pelee

Island. Average soil pH as well as standard deviations for each depth are included.

Sample ID

pH: Section1 Section2 Section3 Section 4

1A
5GM318
5GM318D
10CF
12CF
13CF
15A
22CH
23CH
24CF
24R
25aCH
25bCH
26CF
27CS
27GM318
27GW
27L
28CH
Average
St. Dev.

7.34
6.65
6.33
7.21
6.04
6.90
6.83
6.16
6.98
5.37
5.63
7.31
5.76
6.69
6.54
6.43
6.03
6.76
6.86
6.52
0.57

7.83
8.20
8.23
8.07
8.17
7.83
7.62
791
7.68
8.00
7.52
7.00
7.07
7.28
7.35
7.59
7.77
7.76
7.77
7.72
0.36

7.92
8.02
8.22
8.22
7.99
8.09
7.56
8.06
7.74
8.25
8.20
8.27
8.12
8.05
7.82
7.99
7.96

7.88
8.02
0.19

7.68
7.94

8.19
8.25
8.19
8.08
8.27
7.91
8.18
8.26
8.17
8.19
7.93
7.87
7.94
8.27

7.81
8.07
0.19
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Figure 3.1. Organic matter content versus soil pH of Pelee Island soil samples. This
graph shows a linear causation between organic matter content and soil pH with an R?
value of 0.62 and a 95% confidence interval. This graph shows that as pH increases,
organic matter decreases. Error bars are all <0.1 and smaller than the data symbols.
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Figure 3.2. Carbonate content versus soil pH of Pelee Island soil samples. The trend of
this graph shows that as pH increases, carbonate content increases exponentially,
indicating that there is higher carbonate content in the deeper soils. Error bars are all <0.1
and smaller than the data symbols.
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3.2.3 Grain Size

Grain size was compared between Brookston and Toledo soils. Field 5GM318 was used
to represent grain size in Brookston soils and field 26CF was used to represent grain size
in Toledo soils (Figure 3.3). Grain sizes of: >106 pum are fine sand and coarser; 90-106
um are very fine sand; 53-90 um are coarse silt and very fine sand; 20-53 um are medium
to coarse silt; and <20 um are fine silt and finer. Brookston soils had a higher sand
fraction in section 1 and 2 soils compared to Toledo soils. However,int section 3 Toledo
soils had a higher sand fraction and in section 4 the sand fraction was the same in both
soils. Toledo soils had a greater fraction of medium silt and finer in sections 1 and
compared to Brookston soils. However, in section 3 Brookston soils had a greater

fraction of medium silt and finer and in section 4 the very finest was the same.
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Brookston - Section 1 Toledo - Section 1
>106 um 90 um
53 um
20 um
90 pm
53 um
20 um
Brookston - Section 2 Toledo - Section 2

90 um

53 um
20 um

Brookston - Section 3 Toledo - Section 3

90 um

53 um 90 um
20 pm 20pm \-53 um
Brookston - Section 4 Toledo - Section 4

53 pm 53 um

20 pm 20 um

Figure 3.3. Comparison of grain size between Brookston and Toledo soils at each of the
four sampling depths on Pelee Island. Brookston soils are represented by field 5GM318
and Toledo soils are represented by field 26CF. Note fractions labeled: 90 um range in
grainsize from 90-106 pum; 53 um range in grainsize 53-90 um; and 20 m range in

grainsize 20-53 um.
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3.3 Soil and Bedrock Minerology

Mineralogical components of the soil are listed in Table 3.5 and are listed as either major
(> 50%), intermediate (15-50%), or minor (<15%) components of the soil. Mineral
abundances were estimated using XRD diffraction patterns. The major mineralogical
component of all soils was quartz and the minor component of all soils was illite. Calcite
was always found in the deepest soils but ranged from being a minor component to a
major component. Conversely, calcite was almost always absent in the XRD patterns of
the surface soils except for field 5GM318, where it made up a minor component of the
soil. Although LOI results (Table 3.3) showed some carbonate in surface soils,
abundance was low in all surface samples (<2%) and was not detected by XRD.
Dolomite and mica were minor components in the soils and were present at varying soil
sampling depths. Albite was a minor component of the soils and was found in all soil

samples except 5GM318 in section 4.

Table 3.5. Relative mineralogical abundance results from XRD of select fields at each of
the soil sampling depths on Pelee Island.

Soil Sample ID  Depth  Mineral & Abundances

Quartz  Calcite Albite (Feldspar) lllite  Dolomite Mica
5GM318 1 Major  Minor Intermediate Minor - -
5GM318 2 Major  Minor Minor Minor - -
5GM318 3 Major  Major Minor Minor  Minor -
5GM318 4 Major  Major - Minor  Minor -
5GM318D 1 Major - Minor Minor - -
5GM318D 2 Major  Intermediate Intermediate Minor - -
5GM318D 3 Major  Major Minor Minor Minor -
22CH 1 Major - Minor Minor - Minor
22CH 2 Major  Major Minor Minor Minor -
22CH 3 Major - Minor Minor Minor -
22CH 4 Major  Major Minor Minor Minor Minor
24CF 1 Major - Minor Minor Minor
24CF 2 Major  Minor Intermediate Minor Minor Minor
24CF 3 Major Intermediate  Minor Minor Minor Minor
24CF 4 Major  Intermediate Minor Minor  Minor -
25aCH 1 Major - Minor Minor Minor -
25aCH 2 Major  Minor Minor Minor  Minor -
25aCH 3 Major Intermediate  Minor Minor Minor Minor
25aCH 4 Major Intermediate Minor Minor Minor -
25bCH 1 Major - Minor Minor - -
25bCH 2 Major  Minor Intermediate Minor - -
25bCH 3 Major Intermediate Minor Minor Minor -
25bCH 4 Major  Minor Minor Minor - -
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The bedrock mineralogy, unlike the soil mineralogy, was predominantly composed of
calcite and dolomite, whereas quartz made up a minor component of the bedrock. Calcite
is the major component of the bedrock, followed by dolomite in four of the samples and
dolomite is the major component followed by calcite in the remaining two bedrock
samples (Table 3.6).

Table 3.6. Relative mineralogical abundances in bedrock samples from Pelee Island.

Bedrock Sample ID  Mineral & Abundances

Calcite Dolomite Quartz
PI1-18-2 Major Intermediate  Minor
PI1-18-3 Intermediate Major
Pl1-18-4 Intermediate  Major
PI1-18-5 Major Minor
PI1-18-6 Major Minor
P1-18-7 Major Intermediate

3.4 Geochemistry of Pelee Island Soils, Till, and Bedrock

3.4.1 Major Element Soil Composition

The oxide contents of each soil sample were plotted against Al.Oz abundance (Figure
3.4). Samples were plotted against Al.O3 because Al,Os has a large spread in
concentrations and is relatively less mobile during weathering compared to other oxides.
Aluminum oxide concentrations decrease with depth, and thus oxides that are positively
correlated with Al2O3 also decrease in abundance with depth. In contrast, oxides that are
negatively correlated with Al>Os increase in abundance with depth. Appendix G provides
the R? and slope values for each oxide at each depth, displayed on the graphs in Figure
3.4. The Harker diagrams show a general decrease in CaO and general increases in Fe;0s,
K20, and SiO with increasing Al.O3 content. Abundances of MgO, MnO, Na2O, and
P20Os show less association with Al,O3 content. In addition, section 1 samples of each soil

core generally have higher Al,O3 concentrations.

Harker diagrams of major and minor oxide versus Al.Oz show differences in the behavior
of oxide abundances between the section 1 soil samples and the other three soil sampling
depths. For example, CaO abundances in section 1 have no association with Al.O3

content, evident from the 0.04 R? value. However, section 2, 3, and 4 soils show a strong
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negative relationship between CaO and Al,O3 (R? values of 0.93, 0.92, 0.76 and slope
values of -2.93, -2.61, -2.69, respectively). There is no association between Fe;O3 and
Al,O3 in section 1 (0.18 R?); however, there is a weak positive relationship between
Fe,Os3 and Al,O3 in deeper layers (0.58, 0.26, 0.60 R? values and 0.32, 0.24, 0.48 slope
values). Although MgO vs Al,Oz concentrations are negatively correlated in sections 2,
3, and 4 soils, there is a strong positive correlation between MgO vs Al>Oz in section 1
soils (although the MgO content is much lower near the surface). Abundances of SiOz in
the soils show the opposite trend; where there is a positive relationship between SiO; and
Al>O3 in sections 2, 3, and 4 soils, there is a negative relationship in section 1 soils where
Si contents are highest. Na2O content has a slight negative relationship with Al203 in
section 1 soils and almost no relationship with Al.O3 content in the deeper soils. K20 vs
Al,O3 displays a strong positive relationship at all depths. These graphs demonstrate that
the topsoils (section 1 soils) on Pelee Island have distinctly different oxide concentrations

compared to the underlying soils for most oxides.
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Figure 3.4. Harker diagrams showing major oxide concentrations of each soil sample (%;
y-axis) plotted against concentrations of Al>Os for each soil sample on Pelee Island.
Colours indicate sampling depth: blue represents soils sampled in section 1; orange
represents soils sampled in section 2; grey represents soils sampled in section 3; yellow
represents soils sampled in section 4. The coloured lines are the corresponding trendlines
of the coloured data points. The slopes of the trendline are listed in Appendix G. Error
bars are all <0.1 and smaller than the data symbols.
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The Harker diagrams in Figure 3.5 compare average oxide content (averaged over all four
depths) of Brookston and Toledo soils. The R? values and the slopes for each of these
lines are included in Appendix G. Therefore, Figure 3.5 displays a comparison among
fields and not among depths. CaO vs AlzOstrends are similar in Brookston and Toledo
soil; as Al>Osz increases CaO decreases. However, Brookston soils have a higher
Ca0:Al203 ratio compared to Toledo soils, which means that Brookston soils have more
CaO and less Al>O3 than Toledo soils. This suggests that Toledo soils are more leached.
Further, XRD data show that Brookston soils contain more calcite in surface soils
compared to Toledo soils, indicating that leaching is less intensive in Brookston soils .
The trends of Fe2Os3 vs. AlOz are similar in both Brookston and Toledo soils. Trends of
K20 vs. Al,Oz are also similar in both soil types, but K-O abundances are much higher in
Toledo soils. Trends for P.Os vs. Al,Ozare similar in both soils when field 25aCH is
excluded in Brookston soils, and field 27L is excluded in Toledo soils, showing a slight
positive correlation (R? value of 0.97 in Brookston, and R? value of 0.25 in Toledo).
However, even when these 2 fields are removed, P>Os contents of Toledo soils do not
have a strong association with Al,O3 (R? value of 0.25). MgO and MnO in both
Brookston and Toledo soils show little association with Al>Os; the trends are weak with
very low R? values of 0.26 and 0.02 for Mg in Toledo and Brookston soils, and 0.0089
and 0.022 for Mn in Toledo and Brookston soils, respectively.
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Figure 3.5. Harker diagrams illustrating major oxide differences between Brookston
(triangles) and Toledo (circles) soils on Pelee Island. Major average oxide concentrations
of each soil sample (%; y-axis) plotted against average oxide concentrations of Al.Oz for
each soil sample. The grey line and circles indicate trends for Toledo soils and the red
line and triangles indicate trends for Brookston soils. Average concentration values in
each field are represented by a different colour marker (see annotated legend). Error bars
are all <0.1 and smaller than the data symbols.
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Although there was some variability in oxide abundances among soils sampled at the
same depth from different fields and different soil types (Brookston and Toledo), a one-
way ANOVA (performed using Excel) determined that the variability among fields was
insignificant (p-values >0.05) for all oxides with the exception of P2Os (p-values <0.05;
Table 3.7). Figure 3.4 illustrates that soils from different fields sampled at the same depth
behave in a similar manner relative to Al.Os. However, a one-way ANOVA among soil
sampling depths determined that there is oxide variability among soil sampling depths.
Since element concentration differences among sampling depths are greater than
elemental concentration differences among fields, oxide values from each field at the
same depth were averaged together to get one value for each oxide at each soil sampling
depth for all 19 profiles. These values are reported in Table 3.7 and are illustrated in
Figure 3.6. Individual oxide values for each soil sample are reported in Appendix H and
depth versus major oxide concentration graphs of each soil sample are illustrated in

Appendix A.

Also included in Table 3.7 are the maximum and minimum oxide abundances of each
major element for all soil samples. Where average soil oxide concentrations are reported,
average sampling depths will also be assumed; the following numbers are average values
calculated from true sampling depths from shallowest (section 1 soils) to deepest (section
4 soils): 18 cm, 71 cm, 138 cm, 191 cm. True sampling depths for each soil sampled are
provided in Appendix H. The abundances of Al,O3, Na2O, P.O4 and SiO> are greater at
the surface and decrease with depth. Potassium oxide and Fe;O3 have highest
concentrations in section 2 soils, as opposed to section 1 soils, and their abundances
decrease in deeper soils. The abundances of CaO, MnO, and MgO have the opposite
trend; these oxides are less abundant in surface soils, and more abundant in deep soils. In
a study conducted by Schoénenberger et al. (2012), seven soil samples were collected
from eastern Ontario at depths between 0.2 m and 0.8 m, and major oxide concentrations
of these soils were analyzed by XRF. The average concentrations of major oxides
resulting from this study are included in Table 3.7. There are limited major oxide soil
data reported in Ontario, and for this reason, data from the Schénenberger et al. (2012)
study were compared to Pelee Island soil data because soils were sampled within the

same general region. This means that these soils experience similar climates throughout
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formation and in some areas, soils of eastern Ontario were formed over carbonate rock

(Seguin 1984). Major oxide concentration values of soil samples collected from Pelee

Island are comparable to samples within Ontario, as is outlined in Table 3.7, although,

slightly lower concentrations of Na2O and P.Os are found in Pelee Island soils compared

with other Ontario soils (about 2% less Na,O and 0.1% less P20s).

Table 3.7. Calculated average major oxide concentrations (%) at each soil sampling
depth on Pelee Island as determined by XRF. Standard deviation, standard error,
maximum and minimum, and p-values determined from a one-way ANOVA among
sampling fields and p-values from a one-way ANOVA among sampling depths are also
included. The last column includes average major elemental values from a study
conducted by Schonenberger et al. (2012) for Ontario soils.

Avg. St. St. p-value  p-value Averages
Element Depth Conc. Dev. Error  Max Min (fields)  (depths) (Schonenberger et al.)
Al>03 1 1382 1.03 0.24 15.78 10.08 0.40 4.E-10 14.11
2 1353 150 0.34
3 1165 138 0.33
4 1118 0.71 0.17
Cao 1 121 018 0.04 1597 0.89 0.94 2.E-18 3.20
2 565 455 1.04
3 1197 377 0.89
4 1297 218 0.3
Fe203 1 461 044 010 668 3.82 0.75 4.E-06 5.02
2 546 064 0.15
3 461 064 0.15
4 458 044 011
K20 1 294 025 006 354 222 0.09 3.E-05 2.56
2 3.03 028 0.06
3 273 028 0.07
4 265 015 0.04
MgO 1 149 014 0.03 339 119 0.97 5.E-18 1.81
2 203 046 0.10
3 244 022 0.05
4 264 026 0.06
MnO 1 006 003 001 022 003 0.97 3.E-03 0.10
2 0.08 0.03 0.01
3 0.09 004 0.01
4 0.08 0.01 0.00
Na.O 1 1.07 013 0.03 129 0.69 0.07 2.E-04 3.17
2 090 0.13 0.03
3 094 010 0.02
4 099 0.09 0.02
P20s 1 015 003 001 023 0.09 4.E-03 1.E-01 0.24
2 0.13 0.02 0.00
3 0.13 0.01 0.00
4 0.13 0.01 0.00
SiO, 1 6646 2.00 046 72.07 46.22 0.99 7.E-20 66.94
2 59.03 6.02 1.38
3 5100 471 111
4 4965 249 0.60
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Figure 3.6. Average oxide concentrations (%; x-axis) of Pelee Island soils plotted
against mean sampling depths. The spline curves on these graphs are meant to illustrate
element concentration trends and do not imply vertical connectivity among soils samples,
because markers on the graphs represent averages of soil samples selected from different
locations on the island.

3.4.2 Soil, Bedrock, and Till Trace Elements

Averages and ranges of trace element compositions of soil, till, and bedrock are
summarized in Table 3.8 and data are included in Appendix H, I, E respectively. The
concentrations of trace elements in soils and tills are similar.Both concentrations,

however, are very different from bedrock. Trace element concentrations in bedrock are
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always lower than soils and tills. Bedrock samples have, on average lower elemental
concentrations relative to soils for most elements with the exception of Cd and Zn. The
concentrations of Cd and Zn are almost twice as high in the bedrock compared to the
soils. In addition, Table 3.9 compares the average concentrations of some trace elements
in Pelee soils to the mean trace element concentrations of other Ontario soils. In a study
conducted by Sheppard et al. (2009), 59 agricultural soils were sampled in Ontario at
depths from 0-60 cm and analyzed for trace element concentration. This table shows that
Pelee Island soils always have higher concentrations of trace elements compared to other
Ontario agricultural soils. Note that for Table 3.9 Pelee Island averaged elemental
concentration values were obtained by averaging soil sections 1 and 2 (average 18.3 cm
and 71.3 cm respectively) so comparison between Pelee Island values and Sheppard et al.
(2009) values were equitable.



Table 3.8. Average, maximum, and minimum trace and REE values of soils, tills, and bedrock on Pelee Island as determined
by ICP-MS. Note that all values are in ppm and all soil values are represented by averaged section 4 soil samples (sampling
sections 1, 2, 3 soil values were not included in these calculations). x = soil/till is the number of times greater the
concentrations of Pelee Island soils are than Pelee Island tills and x = soil/bedrock is the number of times greater the
concentrations of Pelee Island soils are than Pelee Island bedrock concentrations.

Soil Till Bedrock
Element Avg. Conc. Max Min Avg. Conc. Max Min x =soil/till_ Avg. Conc. Max  Min x = soil/bedrock
Ba 421.11 46890 366.72 409.27 44470  391.30 1.03 9.12 2060 3.90 46.19
Be 1.60 1.81 1.46 1.55 1.71 1.32 1.03 0.06 0.07 0.04 27.57
Bi 0.17 0.24 0.15 <DL 0.00 0.00 - <DL 0.00 0.00 -
Cd 0.18 0.47 0.12 0.20 0.25 0.15 0.93 0.43 202 0.02 0.42
Ce 58.85 66.19 53.70 63.03 67.85 54.84 0.93 1.57 296 0.22 37.49
Co 12.41 14.94 10.65 12.56 13.60 11.57 0.99 0.26 056 0.16 48.37
Cr 54.90 65.64 49.69 67.33 74.00 59.00 0.82 5.00 7.00 3.00 10.98
Cs 4.25 5.58 3.85 4.88 5.54 3.66 0.87 0.09 0.17 0.03 49.57
Cu 29.14 51.09 24.77 24.67 25.10 23.90 1.18 470 17.70 1.70 6.20
Dy 4.40 5.07 412 4.45 4.79 4.11 0.99 0.29 0.48 0.05 15.06
Er 2.57 2.93 242 2.60 2.80 2.35 0.99 0.18 0.32 0.02 14.24
Eu 1.17 1.37 1.09 1.16 1.25 1.07 1.01 0.06 0.10 0.01 20.79
Ga 14.64 16.78 13.49 16.20 18.03 13.21 0.90 0.34 058 0.11 43.49
Gd 4.80 5.55 4.48 4.88 5.22 4.44 0.99 0.31 047 0.06 15.59
Hf 3.90 4.45 3.55 4.50 5.08 4.15 0.87 0.27 043 0.17 14.45
Ho 0.89 1.02 0.84 0.88 0.94 0.82 1.01 0.07 0.10 0.01 13.60
In 0.05 0.06 0.05 0.05 0.06 0.04 1.02 0.00 0.01 0.00 14.30
La 29.13 3243 26.69 29.67 32.50 26.60 0.98 1.47 230 0.40 19.86
Li 34.09 38.84 3111 35.10 41.90 27.50 0.97 1.12 1.60 0.50 30.53
Lu 0.37 0.44 0.33 0.37 0.41 0.35 0.98 0.03 0.04 0.02 12.43
Mo 4.75 8.34 3.22 3.58 5.50 2.07 1.33 0.52 064 042 9.07
Nb 10.14 11.50 9.27 11.13 13.41 8.98 0.91 0.36 090 0.06 28.10
Nd 27.96 31.79 26.10 27.93 30.82 24.44 1.00 1.22 191 0.36 23.01
Ni 31.53 40.90 27.21 36.37 41.20 29.70 0.87 3.88 6.80 2.60 8.12
Pb 13.32 17.69 11.05 13.77 16.28 11.44 0.97 1.59 326 0.89 8.38
Pr 7.35 8.42 6.83 7.48 8.07 6.67 0.98 0.28 0.48 0.06 26.48
Rb 92.14  107.72 83.55 98.87  110.29 79.86 0.93 2.09 3.89 0.76 44.01
Sh 0.55 1.12 0.42 0.56 0.65 0.43 0.99 0.10 0.15 0.07 5.52
Sc 10.37 11.81 9.63 10.97 12.70 8.90 0.95 <DL 0.00 0.00 -
Sm 5.46 6.23 5.07 5.46 6.03 4.84 1.00 0.23 035 0.03 23.92

Sn 1.95 2.49 1.65 1.81 2.01 1.46 1.08 0.23 032 0.18 8.49



Soil Till Bedrock

Element Avg. Conc. Max Min Avg. Conc. Max Min x=soil/till  Avg. Conc. Max  Min x = soil/bedrock
Sr 220.76 24786 133.31 163.17 21040 137.10 1.35 8258 9230 73.10 2.67
Ta 0.67 0.79 0.58 0.72 0.87 0.57 0.93 0.03 0.05 0.01 23.88
Th 0.73 0.85 0.68 0.73 0.78 0.67 1.00 0.04 0.08 0.01 17.55
Th 7.67 9.20 6.83 8.11 9.36 6.58 0.95 0.08 0.21 0.03 90.48
Ti 344219 3805.86 3172.80 3623.33 4031.00 3171.00 0.95 76.17 168.00 14.00 45.19
Tl 0.14 0.52 0.06 0.80 0.99 0.63 0.17 0.04 0.07 0.02 3.28
Tm 0.38 0.42 0.35 0.37 0.40 0.34 1.01 0.02 0.04 0.00 15.98
U 3.06 4.24 2.64 3.25 3.59 2.85 0.94 2.89 445 211 1.06
\ 9190 124.74 76.53 96.97 107.30 80.30 0.95 765 1320 4.00 12.01
w 0.94 1.20 0.83 1.05 1.26 0.77 0.89 1.63 6.62 0.11 0.58
Y 24.43 28.25 23.38 23.63 26.81 20.99 1.03 2.63 534 0.14 9.28
Yb 2.45 2.82 2.29 2.51 2.70 2.28 0.98 0.15 0.23 0.02 15.96
Zn 68.68 83.79 62.47 68.17 77.20 59.40 1.01 118.73 671.60 4.00 0.58

Zr 146.33 172.01 131.42 168.67 194.00 155.00 0.87 10.67 18.00 6.00 13.72
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Table 3.9. Comparison of average trace element concentrations for sections 1 and 2 of
Pelee Island soils and in Ontario soils analyzed by Sheppard et al. (2009). x = soil/avg is
the number of times greater that averaged Pelee Island soil concentrations are than
averaged Sheppard et al. (2009) soil concentrations. Element concentrations are in ppm
and standard error of both Pelee Island soils and Ontario soils from Sheppard et al. (2009)
are included.

Average (Sheppard St. Average Pelee St. x = soil/avg. (Sheppard
Element 2009) Error Soils Error 2009)
Ba 116.67 3.33 461.38 4.96 3.95
Cd 0.19 0.03 0.32 0.01 1.72
Ce 54.00 2.08 68.66 0.83 1.27
Co 9.30 0.44 14.31 0.23 1.54
Cr 33.00 1.00 68.60 1.07 2.08
Cs 1.33 0.07 5.59 0.11 4.19
Cu 18.67 0.67 33.41 0.67 1.79
La 24.33 1.20 33.54 0.39 1.38
Mo 0.70 0.01 4.28 0.26 6.12
Nb 0.90 0.10 12.77 0.19 14.13
Nd 25.33 1.20 32.89 0.40 1.30
Ni 22.33 0.88 39.53 0.73 1.77
Pb 11.43 1.11 18.63 0.40 1.63
Sh 0.12 0.01 0.76 0.02 6.50
Sm 5.07 0.30 6.46 0.08 1.28
Sr 37.33 6.57 138.27 5.23 3.70
Th 0.55 0.03 0.88 0.01 1.61
Th 3.27 0.64 9.43 0.15 2.89
U 1.10 0.06 3.96 0.08 3.60
\% 46.67 1.86 117.44 2.24 2.52
Y 15.67 0.88 29.53 0.38 1.88
Zn 61.33 2.33 91.33 1.66 1.49

Minor and trace elements in soils were normalized to the North American Shale Composite
(NASC) using Rudnick & Gao (2017). The NASC has been used as a standard comparison
in a number of geochemical studies (Gromet et al. 1984). Trace element data for soil
samples are provided in Appendix H. Normalized concentrations of all four depths in each
field were averaged and plotted on an incompatible element graph. Incompatible elements
are unsuitable in size or charge to the cation sites of the minerals in which they are included

and are often replaced by other more suitable cations (Ridley 1998).

Figure 3.7 displays the minor and trace element concentration values averaged over 4
depths in each field. All fields have a depletion of Ba and Sr and an enrichment in U
compared to NASC. In addition, all fields show the same general trends and show no

major differences in minor and trace elemental values among fields.
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Figure 3.7. Incompatible element diagram of averaged minor and trace element depth
values for comparing elemental field concentrations on Pelee Island. Element values are
normalized to NASC using Rudnick & Gao (2017). Note that the purpose of plotting all
fields on the same graph is to show that all fields have very similar trace element
concentrations, thus distinguishing line colours that represent fields is not necessary.

Next, the same data were used, but normalized concentrations of nineteen fields at each
depth were averaged and plotted on an incompatible element diagram to compare
elemental differences among all four soil depths (Figure 3.8). In soil sampling sections 3
and 4, with the exception of U, all elements are more depleted compared to the NASC
standard. In soil sampling sections 1 and 2, elements are closer to standard values and
are only slightly enriched or depleted (with the exception of Sr, U, Pb, and Ba, which
have values that are further from the standard). In general, Figure 3.8 displays higher
abundances of minor and trace elements in surface soils and lower abundances in deeper
soils. However, there are two exceptions: Sr is most depleted at section 1 and becomes
more enriched in deeper soils; and in section 1 soils, Pb does not follow the trends of the
soil samples at other depths and is more enriched compared to the other soil samples and
compared to the standard.
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Figure 3.8. Incompatible element diagram of minor and trace element averaged field
values at each depth to compare elemental depth concentrations on Pelee Island. Element
values are normalized to NASC using Rudnick & Gao (2017).

3.4.3 Soil and Bedrock REE Patterns

The REE can be used to identify the source materials for mixtures of minerals. The REE
are used for this purpose because they become incorporated into common minerals at
very low concentrations and are relatively immobile within mineral structures. Rare earth
element diagrams display patterns that can be used to determine source material of a soil
(Wen et al. 2014). The REE data for soil and bedrock of Pelee Island were normalized to
NASC using Haskin et al. (1968) for all REE except Dy, which was normalized using
Gromet et al. (1984). Data was normalized to NASC so Pelee Island soils can be
compared to other studies, since NASC has been used as a standard comparison in a
number of geochemical studies (Gromet et al. 1984). REE data for soils are included

Appendix H.

Figure 3.9 compares the REE patterns in soil in different fields on Pelee Island (Figure

3.9a) and for different soil depths (Figure 3.9b). Data for different soil depths represent
the average elemental concentration values of all 19 soil sample locations (Figure 3.9a),
whereas the data for different fields represents averaged elemental concentration values

for each element from all four soil sampling depths (Figure 3.9b). There is little
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difference in REE abundances and patterns among sites, whereas REE concentrations are
typically higher in the surface soils and lower in deeper soils. For example, the
concentrations of La in field 10CF decrease from 36.3 ppm to 26.7 ppm and
concentrations of Nd in field 22CH decrease from 35.43 ppm to 27.76 ppm in section 1 to
4 soils (Appendix H). The similar patterns on both Figure 3.9a and Figure 3.9b indicate
that the soils from all locations and all depths are derived from the same source material.
In addition, the patterns show that the REE concentrations are similar to the NASC
standard.
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Figure 3.9a. Averaged REE depth values for comparing REE concentrations among
fields on Pelee Island. Element values are normalized to NASC using Haskin et al.
(1968).
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Figure 3.9b. Averaged REE field values for comparing REE concentrations among
depths on Pelee Island. Element values are normalized to NASC using Haskin et al.
(1968).
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The normalized REE contents of the bedrock samples are plotted on Figure 3.10. The
data represent elemental concentration values for each element from each bedrock
sample. Pelee Island bedrock samples PI-18-2, PI-18-3, P1-18-4, P1-18-5 all show the
same pattern for REE content, indicating the same rock type. However, PI-18-6 and PI-
18-7 have a different REE pattern, which indicates a different rock type. Based on
geological maps, bedrock samples 2 to 5 represent limestone bedrock from the Lucas
Formation of the Detroit River Group, whereas samples 6 and 7 represent bedrock from
the younger Dundee Formation (Hewitt 1972). Both formations have similar mineralogy

based on XRD analyses (Section 3.3 above).
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Figure 3.10. REE concentrations of six bedrock samples from Pelee Island. Element
values were normalized to NASC using Haskin et al. (1968), except Dy which was
normalized using Gromet et al. (1984).

The REE concentrations of samples from bedrock and the nearest soils were compared to
determine if the bedrock is a major contributor of elements to the overlying soil (Figure
3.11a, b). There is very little similarity between the basement and the Toledo and
Brookston soils. The REE concentrations of the soil were also compared to the
concentrations in the till (Figure 3.12). The results show that the soil contains elements
that are very similar to the underlying till.
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Figure 3.11a. Comparison of REE concentrations between bedrock sample PI-18-5 and
section 4 soil samples of nearby Toledo fields (27GM318, 27CS, 26CF, and 27GW).
Element values were normalized to NASC using Haskin et al. (1968).
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Figure 3.11b. Comparison of REE concentrations between bedrock sample P1-18-7 and
section 4 soil sample of the adjacent Brookston field (5GM318). Element values were
normalized to NASC using Haskin et al. (1968).
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Figure 3.12. Comparison of REE concentrations between till (averaged values) and soil
(averaged section 4 soil values). Element values were normalized to NASC using Haskin
et al. (1968).

344 Pelee Island Fertilizers

Major element and trace element concentrations in fertilizers are included in Tables 3.10
and 3.11, respectively. Since only essential trace elements and elements that could be
compared to PEN data were included in Table 3.11, additional trace element data can be
found in Appendix J. Fertilizer sample IDs and descriptions are included in Table 3.12,
Figure 3.13 illustrates trace element concentrations of the fertilizers. This graph shows
that chemical fertilizers (FERT4, FERT5) are depleted of Ba, but enriched in U, Pb, and
Sr relative to NASC. Pelee Island composts (FERT6, FERT7, FERTS, FERT9) are
depleted of Zr and Nb, but are enriched in U and Sr. The liquid fish (FERT1), molasses
(FERT2), and UAN 25% (FERTS3) are not plotted on Figure 3.13 because most element

concentrations were below detection limits.



Table 3.10. Major element concentration values (weight %) of fertilizers used on Pelee
Island as determined by ICP-MS. Element columns containing < indicate that the element
was less than the detection limit for each fertilizer sample.

63

Sample

ID Al Ca Fe K Mg Mn Na P Si
FERT1 <0.00040 0.15950 <0.00200 0.19574 0.03500 0.00003 0.26200 1.97267 <0.04000
FERT2  0.00107 0.90733  0.00948 3.71278 0.29300 0.00118 0.06528  0.05559  0.07072
FERT3 <0.00040 <0.01000 <0.00200 <0.00600 0.00167 <0.00002 0.00121 <0.01000 <0.04000
FERT4 0.11 0.23 0.14 26.50 4.38 1.69 0.42 2.74 0.08
FERT5 0.11 1.41 0.42 31.90 291 0.06 0.17 2.71 0.06
FERT6 1.75 3.88 0.79 3.98 0.76 0.02 0.06 0.54 0.22
FERT7 2.24 2.42 1.06 2.47 0.80 0.02 0.03 0.56 0.23
FERT8 0.51 2.33 0.23 4.18 0.57 0.01 0.01 0.25 0.25
FERT9 0.08 2.16 0.97 1.06 0.23 0.01 0.40 2.12 0.10

Table 3.11. Trace element concentration values (ppm) of fertilizers used on Pelee Island
as determined by ICP-MS. Element columns containing < indicate that the element was
less than the detection limit for each fertilizer sample.

Sample ID Ba Co Cu Mo Ni Pb Sr U Zn
FERT1 <0.2 001 <04 <02 <06 0.02 912 0.002 5
FERT2 43 013 107 10 <06 011 638 0.016 9
FERT3 <0.2 <0.01 <04 21 <0.6 <0.02 <0.08 <0.002 <1
FERT4 67 376 04 16 47 049 291 14.4 12900
FERT5 103 082 310 18 71 611 459 176 5510
FERT6 1206 427 311 71 131 811 138 1.27 100
FERT7 1472 510 337 54 146 846 864 1.08 119
FERT8 365 206 212 254 219 209 299 0.379 48
FERT9 116 084 998 32 102 0.63 343 0.889 382

Table 3.12. Pelee Island fertilizer sample 1Ds and descriptions.

Sample ID  Type
FERT1
FERT2
FERT3
FERT4
FERT5
FERT6
FERT7
FERTS
FERT9

Liquid Fish
Molasses
UAN 25%
AGRIS (chemical fertilizer)
Thompsons (chemical fertilizer)
Compost 2017
Old Compost
Young compost
Compost
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Figure 3.13. Incompatible element diagram of minor and trace element concentrations of
Pelee Island fertilizers. Element values are normalized to NASC using Rudnick & Gao
(2017).

Figure 3.14 compares the REE composition of fertilizers to soils on Pelee Island. Both
fertilizers and soils were normalized to the NASC standard using Haskin et al. (1968).
Note that soil REE concentrations displayed in the figure represent the average values of
all soil samples. This diagram illustrates that the trend of the liquid (FERT2) and
chemical fertilizers (FERT4, FERT5) do not match REE trends of the soils. However,
REE trends of compost fertilizers are similar to REE trends of the soils; in particular,
compost 2017 (FERT6) and old compost (FERT7) are similar to the soil samples. The
compost is made from plants grown on the island, and thus the similarities in REE

distribution between soils and compost is not surprising.
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Figure 3.14. REE diagram comparing Pelee Island fertilizers and soils. Soil values are
represented by the average of all soil samples. Note FERT1 and FERTS3 are not displayed
on the graph because values were below REE detection limits. REE values have been
standardized to NASC using Haskin et al. (1968).

3.45 Plant Extractable Nutrients

Plant extractable nutrients are elements that are loosely bound to soil particles and so are
available for uptake by plant roots (Weil & Brady 2017). The average plant extractable
nutrient concentrations, standard deviations, and the maximum and minimums are
summarized in Table 3.13. Figure 3.15 displays how average elemental concentrations of
plant extractable nutrients across different fields change at each depth. Silicon, Mg, Zr,
Sc, B, Rb and Mn concentrations are high at surface and decrease with depth.
Molybdenum, Na, Li, Sr, and U generally have low concentrations at surface and

increase with depth. Comparing total elemental concentrations of the soil minerals
(Figure 3.6) to plant available concentrations in the soil (Figure 3.15), Mg and Mn have
the opposite trends; total soil elemental concentrations of Mg and Mn are generally low at
the surface and increase with depth, while plant extractable nutrient concentrations of Mg
and Mn are generally high at the surface and decrease with depth. In section 4 soils of
field 13CF, the Na concentration of plant extractable nutrients is very high. It is important
to note that for many elements, the analyzed concentrations were below detection limits
(Al, Fe, K, P, S, Ni, Ti, Co, Cr, Cs, Cu, Pb, Se, Nb, Th, V, and Zn). The concentrations of
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all PEN for each sample are included in Appendix K and depth versus PEN concentration

graphs of each soil sample are illustrated in Appendix B. Because many plant extractable

nutrient values were below detection limits, these were not able to be compared to

fertilizer elemental concentrations.

Table 3.13. Average plant extractable nutrient concentrations at each soil sampling depth
on Pelee Island as determined by ICP-MS. Standard deviations, standard errors,

maximum, minimum, and average concentrations of plant extractable nutrients are also
included. Note that the outlier for Na in section 4 (concentration of 284.70 ppm in field
13CF) was omitted when calculating the standard deviation, standard error, and average

concentration.

Element Units Depth Avg. Conc.  St.Dev. St Error Max  Min
Si ppm 1 25.50 5.61 1.29 34.01 1452
2 19.87 3.27 0.75
3 21.03 2.79 0.66
4 22.60 3.04 0.74
Mg ppm 1 221.07 50.73 11.64 289.81 36.62
2 159.00 65.85 15.11
3 123.82 55.47 13.08
4 116.20 32.57 7.90
Mn ppm 1 491 2.94 0.68 12.74 0.10
2 0.31 0.25 0.07
3 0.34 0.18 0.06
4 0.31 0.23 0.07
Na ppm 1 18.89 2.64 0.73 284.70 15.12
2 22.29 4.06 0.98
3 20.73 4.60 1.12
4 23.27 4.08 1.09
Mo ppb 1 21.08 15.75 557 206.49 12.26
2 38.95 33.13 9.56
3 65.00 33.33 7.86
4 96.11 40.24 9.76
B ppm 1 0.35 0.10 0.02 0.63 0.20
2 0.24 0.04 0.02
3 0.20 0.00 0.00
4 0.23 0.05 0.03
Ba ppm 1 1.43 0.35 0.08 477 0.64
2 1.18 0.62 0.14
3 1.33 0.59 0.14
4 2.09 1.05 0.25
Sr ppm 1 4.90 1.27 029 1325 124
2 4.66 1.55 0.36
3 5.09 2.36 0.56
4 5.96 2.49 0.60
Li ppb 1 196.31 84.62 19.41 489.94 22.63
2 246.38 82.14 18.84
3 240.27 77.44 18.25
4 279.86 98.39 23.86



Element Units Depth Avg. Conc.  St. Dev. St Error Max  Min
Sc ppb 1 16.59 3.56 082 2370 9.14
2 12.16 1.96 0.45
3 12.96 1.96 0.46
4 13.84 2.09 0.51
u ppb 1 0.99 0.38 011 1255 0.60
2 4.48 2.82 0.75
3 4.61 2.16 0.51
4 4.95 2.27 0.55
Zr ppb 1 10.17 7.53 173 2427 053
2 0.80 0.27 0.10
3 1.73 0.92 0.53
4 1.35 1.36 0.68
Rb ppb 1 24.73 9.36 215 4235 5.80
2 11.45 3.94 0.90
3 15.48 4.99 1.18
4 18.87 7.41 1.80
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Figure 3.15. Average elemental concentrations (ppm and ppb only for Mo; y-axis) of
plant extractable nutrients in soils plotted against mean sampling depths on Pelee Island.
The spline curves on these graphs are meant to illustrate element concentration trends and
do not imply vertical connectivity among soils samples, because markers on the graphs
represent averages of soil samples selected from different locations on the island.
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3.4.6  Grape Elemental Contents

We intended to compare elemental concentrations of grapes to the plant extractable
nutrient data. However, the data returned from plant extractable nutrients was limited and
therefore comparisons were not useful. In addition, comparing soil mineral elemental
values to grape elemental values is not a good representation or indication of available
elements in soils because of selective nutrient uptake and distribution in plants (Peuke
2009).
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Chapter 4

4 Discussion

This chapter discusses interpretations drawn from the bedrock and soil geochemical data
outlined in the results section. Further, these interpretations are used to explain whether
the geology and geochemistry of the bedrock affects soil composition on Pelee Island and
how the mineralogy and soil chemistry vary for Brookston and Toledo soils. In addition,
soil nutrient data interpretations are used to explain how the availability of nutrients on

Pelee Island varies depending on soil depth, type, or agricultural treatment.

4.1 Soil Weathering Profile

Leaching of soils on Pelee Island is most intense at the surface and decreases with depth,
as has been observed in other studies (Rollinson 1993). This is evident from increasing
amounts of Ca as soil depth increases and a larger relative proportion of Al in shallower
soils (Figure 3.6, Table 3.7). As calcite weathers it releases Ca, which is leached into
deep soils, while more resistant minerals containing Al remain in surface soils causing a
relative enrichment of Al in shallow soils and enrichment of Ca in deep soils. The
distribution of all soils along one trendline on an Al-K-Ca+Na ternary diagram (Figure
4.1) suggests that all soils on Pelee Island have similar source materials, but have been
differentiated into highly weathered surface soils (rich in Al, depleted of Ca) and less-

weathered soils (rich in Ca, depleted of Al) at depth.

Based on soil mineralogy determined from XRD analyses, Ca in the Pelee Island soils is
found in the mineral calcite. Organic matter in the A-horizon creates acids that encourage

the dissolution of carbonate minerals like calcite according the reaction:
H2COs (carbonic acid) + CaCOs « Ca?* + 2HCO3"

Ca?* ions are leached to deeper soils where pH increases and ions precipitate out of soil
solution as calcite, the reverse of the reaction above (Weil and Brady 2017). Other
minerals also weather in the A horizon (albeit at a much slower rate) and ions released in

solution are transported via gravitational water flow to deeper soil horizons. This leaves
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surface soils relatively more enriched in residual minerals, such as quartz and feldspar,
that contain elements such as aluminum and silicon. The changes in mineralogy of the
Pelee Island soils that result from this weathering can be observed in the XRD results
(Table 3.5). The predominant mineral in soils on Pelee Island was quartz (Table 3.5),
which is common in highly weathered soils. There are more feldspars in soils sampled in
sections 1 and 2 than sections 3 and 4. Quartz, along with muscovite and K-feldspar, are
the minerals most resistant to weathering relative to calcite and dolomite and are
therefore more abundant in weathered soils (Wilson 2004). In deep soils on Pelee Island,
the more easily weathered minerals, specifically calcite and dolomite, are present in
greater abundance than less easily weathered minerals such as quartz, mica and feldspar.
The change in mineral abundance with depth in the Pelee Island soil profile can be
attributed to soil weathering, but there may also be a contribution of calcite from bedrock
to overlying soils, given the increased number of stones observed in the deeper samples
(Zhang et al. 2019). Mineral distributions in the Pelee Island soil profiles are typical of
soils that have been forming for at least 100 years. They have a distinct A horizon, with
minerals that are resistant to weathering accumulating at the surface, and deep soils that
are enriched in calcite (Weil & Brady 2017).

Al

80 20

90 10

10 20 30 40 50 60 70 80 90
K Ca+Na

Figure 4.1. Ternary diagram illustrating weathering patterns at four soil depths across
Pelee Island. Sampling depths are distinguished by colour: Section 1 soils = orange,
section 2 soils = blue, section 3 soils = green and section 4 soils= purple. Surface soils
(orange) are relatively enriched in Al and deep soils (purple) are relatively enriched in
Ca.
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4.2 Relationship Between Soil and Bedrock

The Dundee Formation and Detroit River Group are predominantly limestone formations
that comprise the bedrock of Pelee Island (Hewitt 1972). The XRD results confirm that
the major mineralogical components of Pelee Island bedrock are calcite and dolomite
(Table 3.6). Soils derived from limestone bedrock have high carbonate content, such as
those on Pelee Island, suggesting that the bedrock on Pelee Island may contribute to or
influence the source material from which the soils were formed (Weil & Brady 2017). In
addition, Slack (2015), suggested that sulfur-rich ground waters on Pelee Island might
leach elements from the bedrock into the overlying soils and further contribute to their
geochemistry. Bruno Friesen, the vineyard manager at Pelee Island, noticed that shallow
soils were less productive compared to deep soils and hypothesized that bedrock may be
altering the chemistry of the shallower soils. However, in areas where glacial drift is
more than 60 cm thick, limestone bedrock should have little contribution to soil
chemistry. Where soils are < 30 cm thick, bedrock dominates soil formation and controls
REE concentration patterns (Hornung 1971). Thus, one of the objectives of this study
was to determine the influence of bedrock on the chemistry of the soils on Pelee Island.
To this end, REE were used to determine the extent to which the limestone bedrock on

Pelee Island contributes to the overlying soil composition.

42.1 Rare Earth Elements

Rare earth elements are good indicators of geochemical processes and soil development
(Zhang 2019) and are used to identify parent material of soil and track pedogenic
processes (Laveuf & Cornu 2009). The low solubility and mobility of REE due to their
high valence state (+3) makes it more difficult for REE to be released into solution
(Laveuf & Cornu 2009). Thus, REE content in soil profiles can be used to identify the
source rocks of soil minerals that have been changed by weathering (Martin et al. 1978;
Gromet & Silver 1983). Studies show that because REE are released during soil
weathering, weathering processes control the levels of element concentrations in the soil
(Nesbitt 1979, 1996; Nesbitt et al. 1980; Middelburg et al. 1988; Nesbitt and Markovics
1997; Aubert et al. 2001; Aubert et al. 2004). However, Bryanin & Sorokina (2014)

found that the processes of soil formation do not influence relative abundance, or
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distribution, of REE in soil horizons. This means that concentrations of REE may be
different between soil and bedrock and even between soil horizons. However, REE
distribution patterns should be the same between soil and bedrock if the bedrock was the
parent material for the soils.

In a study conducted by Schilling et al. (2014), REE were used to compare soil and
bedrock composition in Norway, where normalized REE concentration values of soil and
bedrock samples were plotted to compare anomalies and element concentrations. The
authors found that bedrock and soil had similar REE anomalies and concentrations,
indicating an in-situ formation of the soils. A study done by Gouveia et al. (1993)
concerning the behavior of REE and other trace elements during the weathering of
granitic rocks found that the REE distribution patterns were the same in soil and the
underlying bedrock, indicating that soil REE signatures were inherited from the host
rock. In contrast, Zhang et al. (2019), in their study of the distribution, fractionation, and
controlling factors of REE in 8 soil profiles in China found that distribution patterns of
REE in soils and bedrock were not the same and they concluded that the source of the
soils was not the bedrock. Concentrations of REE in both soil and bedrock on Pelee
Island are reported in Table 3.8. The different distribution of REE in soils versus bedrock
on Pelee Island confirms that Pelee Island soils were not formed from Pelee Island
bedrock nor does bedrock have any influence on the overlying soils (Figure 3.11a, 3.11b
and 3.12).

The parent material of the soils on Pelee Island is the underlying glacial tills. Both
Brookston and Toledo soils were formed from glacial activity(Sposito et al. 2008). These
soils are widely distributed and are found in southern parts of Ontario, such as the Essex
and Kent County regions, and in some of the northeastern states such as Wisconsin,
Indiana, Michigan, and Ohio (Evans & Cameron 1983; National Cooperative Soil Survey
2012; National Cooperative Soil Survey 2014). Brookston soils formed from loamy till,
which is found in depressions on till plains and from moraine material of Wisconsinan
age (National Cooperative Soil Survey 2014), whereas Toledo soils formed from clayey

glaciolacustrine sediment deposited on Wisconsinan age lake plains (National
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Cooperative Soil Survey 2012). Similar patterns and concentrations of REE in the tills

and soils on Pelee Island (Figure 3.12) confirm that the soils are formed from glacial till.

The REE concentrations are not significantly different among fields, as indicated by p-
values >0.05 determined by a one-way ANOVA. However, differences in REE
abundances were observed among soil depths. Many studies have found that in natural
soils, REE concentrations increase with depth. For example, in a study conducted by
Prudencio et al. (1993) determining REE mobilization, fractionation, and precipitation
during weathering of basalts, found REE concentrations were greater in deep soils as a
result of weathering and low pH at the surface. Thus, surface soil horizons become
depleted of REE as a result of leaching and surficial erosion and accumulated in deeper
horizons (Aide 2012). However, we observe the opposite trend in Pelee Island soils.
Pelee Island soil REE concentrations are enriched in surface soils and decrease with
depth (Figure 3.9b). Other studies that report REE concentrations in agricultural soils also
found higher concentrations of REE in surface soils relative to deeper soils (Volokh et al.
1990; Tyler 2004; Germund & Tommy 2005; Hu et al. 2006). It has been suggested that
this pattern is attributed to the addition of fertilizers to surface soils. Phosphate is a main
component of fertilizers and it easily incorporates REE into its structure (Otero et al.
2005; Laveuf & Cornu 2009; Zhang et al. 2019). Hu et al. (2006) estimate that if an
application of 300 kg ha® year? of phosphate fertilizers containing 30 to 170 g ha* REE
are added to soils each year, the REE content of the soils will double over the span of
about 160 years (Laveuf & Cornu 2009). On Pelee Island however, REE distribution
patterns of the soils and chemical fertilizers are not the same (Figure 3.14). In addition,
the organic field (24CF) and field 5GM318, receive no chemical fertilizers but have the
same REE distribution patterns as the fertilized fields (Figure 3.9a). Further, fertilizers
are applied to surface soils, however, Pelee Island soils display the same REE distribution
patterns at all depths within the soil profile (Figure 3.9b). Both observations indicate that
the source of REE in Pelee Island surface soils is not the chemical fertilizers.

Some studies offer alternative explanations for enrichment of REE at the surface of
agricultural soils (Aide et al. 1999; Aide and Smith 2001; Ohta & Kawabe 2001; Stille et
al. 2009; Galbarczyk-Gasiorowska 2010; Zhang et al. 2019). One suggestion is that when
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plant litter starts to decompose at the surface, it releases elements into solution. These
elements, particularly REE that have a small ionic radius and high positive charge, are
taken up by the negatively charged surfaces of organic matter particles and cause a slight
accumulation of REE in surface soils. Further, studies found that the main soil parameters
influencing concentrations of REE within the soil profile were total phosphorous (TP)
content, metal hydroxide content (namely Fe and Mn), pH, CEC, clay mineral content,
and soil organic matter content (Laveuf & Cornu 2009). During weathering, when
minerals such as calcite dissolve, organic matter, phosphates and hydroxides can
incorporate residual REE into their structures or adsorb REE onto their surfaces. Mineral
weathering releases REE thus resulting in formation of phosphate and organic complexes
with REE and adsorption of REE onto clay minerals coated with both Fe and Mn oxides
and hydroxides. The organic matter is negatively charged, thus has a high capacity to
complex and adsorb highly positively charged REE (Cantrell & Byrne 1987; Lee &
Byrne 1993; Johannesson et al. 1996; Aide et al. 1999; Taunton et al. 2000; Ohta &
Kawabe 2001; Schijf & Byrne 2001; Aide and Smith 2001; Laveuf & Cornu 2009). This
is likely the cause of high REE in surface soils on Pelee Island, as the surface soils are
rich in organic matter (3.05 to 8.15%, Table 3.2). Additionally, locally grown compost is
added to the surface soils on Pelee Island. Figure 3.14 shows that the REE distribution
patterns of soils and compost are the same, although, the absolute REE concentrations are
higher in the soil, and display no fractionations among REE, suggesting enrichment in
surface soils is a result of plant recycling. Adding compost increases organic matter
content in surface soils on Pelee Island resulting in formation of organic complexes with
REE, thus holding them in surface soils. The compost is locally grown and thus any REE
taken up by plants used for compost (alfalfa and grasses) will be recycled to surface soils,
causing an enrichment of REE near surface (Laveuf & Cornu 2009). Jowitt et al. (2017)
also suggested that intense weathering in surface soils dissolves easily weathered
minerals such as calcite, while resistant heavy minerals (minerals with density >2.9
g/cm?®) with relatively higher concentrations of REE remain in surface soils (Jowitt et al.
2017).
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4.3 Using PCA to Identify Controls on Pelee Island Soil
Geochemistry

Initially, this study was undertaken to assess whether bedrock was affecting the chemistry
and fertility of soils on Pelee Island. Vineyard management had for years noticed
differences in productivity among fields and suspected the trend was related to depth of
the soils (i.e. depth to bedrock) or was related to contribution of bedrock elements to the
soils from percolating groundwater. However, our study has demonstrated that bedrock
geochemistry has no influence on soil chemistry at Pelee Island. In order to better
understand the causes and amount of variation in soil chemistry across the vineyard,
principal component analyses (PCA) was used to assess all elemental data for 19 soil
profiles with 4 depths each. The PCA identifies patterns in variations among the element
concentration data. By examining which elements vary in a similar (or opposite) manner
and identifying at which depths and locations these variations are most extreme, we can
determine which processes cause the variations. Possible controls on variations of
elemental concentrations in soil include weathering, agricultural practices (e.g.
fertilizers), organic matter or clay mineral content and soil depth to bedrock. Although
we have already shown that the bedrock does not control soil chemistry, the depth to
bedrock may affect water movement or retention in the soils, which in turn affects

drainage, organic matter preservation and mineral weathering.

Principal component analysis (PCA) is a well-established statistical technique that is used
to identify variations among large data sets with multiple variables. For this study, PCA
was used to identify common variations in elemental concentrations among soil samples.
These variations are called principal components (PC) and are derived using a series of
mathematical equations. The software used to run the PCA was PLS Toolbox Version
8.0.1 from Eigenvector Research running on Matlab R2015a. This software is
preprogrammed with PCA equations and uses statistical analysis to assign numerical
values to soil samples and elemental variables defined by each PC. All data was auto
scaled prior to analysis. In this procedure, the data are first mean-centered. This is done
by subtracting the column mean from each column, thus forming a matrix where each

column has a mean of zero. Each mean-centered variable is then divided by its standard
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deviation, resulting in variables with unit variance. This procedure puts all variables on
an equal basis in the analysis. Thus, the less abundant and trace elemental species receive
the same level of consideration as bulk constituents. The principal component analysis
model is then applied to the data.

The first principal component (PC1) describes the most variation in the data.
Subsequently, the variation explained by PC1 is mathematically removed from the data
set and the same statistical analysis is used to identify variance explained by the second
principal component (PC2). This process of removing each subsequent PC after variance
has been explained is repeated until most of the variance can be explained by several
PCs. Each subsequent PC accounts for a lesser amount of variance within the data set.
Eigenvalues assigned to each PC are used to indicate the significance of each, and where

eigenvalues are >1, the corresponding PC’s are significant.

To interpret variation among the data, the PCA program assigns numerical “scores” to
each individual sample (soil samples) and “loadings” to each variable (elements).
Seventy-three soil samples, represented by 73 scores, and 54 elements, represented by 54
loadings are present for each principal component (PC). These scores and loadings are
plotted on two separate bar graphs and must be used together for interpretations. The PC
loadings describe correlations among variables, in this case, among elemental
concentrations. Two or more elements with large positive loadings have concentrations
that are positively correlated with each other. Two or more elements with large negative
loadings have concentrations that correlate positively with each other. Elements with
large positive loadings have concentrations that correlate negatively with elements with
large negative loadings. In contrast, the concentrations of elements with small loadings
(positive or negative) are not well correlated with other elements. Because correlations
improve when there is a greater variation (spread) in the data (element concentrations),
the magnitude of each loading also indicates which elements have a stronger influence on
the variation identified by that principal component. Larger loadings (positive or
negative) mean that those elements have a stronger influence on the PC than elements

with smaller loadings.
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For each PC, soil samples are given scores that indicate how much that soil sample
contributes to the variation of the element concentrations described by that PC. If we
were to consider only two variables that are positively correlated, for example Si vs. Al
concentrations among our soils, the amount of variation (i.e. the spread in concentrations)
would be defined by the soils with highest and lowest concentrations and these values
would have higher magnitude scores (positive and negative, respectively). It is more
complicated when considering 54 variables (elements) at once. In simple terms, the score
is based on the sum of all element concentrations weighted by their contribution to the
total variation (spread). Hence in our PCA, soils with high relative concentrations for the
elements that have high positive loadings are given high positive scores and soils with
low relative concentrations of the same elements (and/or high concentrations of elements
that have negative loadings) are given very negative scores. The magnitude and direction
of the scores indicate how similar, or different, soil samples are to one another. Two or
more soils with high positive scores have similar elemental concentrations. Two or more
soils with large negative scores have similar elemental concentrations. Soils with small
scores (positive or negative) do not have element concentrations that strongly influence
the variation of that PC. Note that soil samples, shown on the scores bar-graphs, are
grouped by depth: yellow = section 1 soils; blue = section 2 soils; green = section 3 soils;
and orange = section 4 soils. Within these depth groupings, soil samples are ordered
according to location; samples listed from left to right on the bar graph represent

locations from south to north on the island.

In addition to the scores and loadings bar graphs, bubble plots are included to provide a
spatial representation of the data. The size of the bubble represents the score of a soil
sample and each sub-graph shows samples from the same soil layer; sections 1, 2, 3, and
4 soils. The x-y coordinate of the bubbles on the graphs represent their locations on the
island. The x-axis represents the easting and the y-axis represents the northing, both in
decimal degrees. The blue bubbles represent positive scores and the white bubbles
represent negative scores. The size of the bubble represents the score magnitude; larger
bubbles have larger positive/negative scores and smaller bubbles have smaller
positive/negative scores. The loadings must also be used together with the bubble plots

for elemental distribution interpretations.
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4.4 Mineral Principal Components

441 Mineral PC1

Principal component 1, illustrated in Figure 4.2, accounts for 72.09% of variance within
the data and has an eigenvalue of 39.00. The sample scores bar-graph shows that there is
a major difference between soils from sections 1 and 2 versus soils from sections 3 and 4.
Soils from sections 1 and 2 show positive scores, whereas sample sections 3 and 4 show
negative scores. This indicates that there is a strong difference in elemental
concentrations between topsoil and subsoil. Although PCA is useful for identifying
variations in large data sets, knowledge of soil chemistry must be applied to explain the

observed variations.

Most of the loadings for PC1 have high positive values, with a few elements (Ca, Mg, Sr)
having very low negative values. All of the elements with tall positive bars are positively
correlated with each other, but negatively correlated with the behavior of elements like
Ca, Mg, and Sr. For example, there are strong positive correlations between element
concentrations of K versus Al and Si versus Al in the Harker diagrams, but negative
correlations for Ca versus Al (Figure 3.4). The two shallower soil sampling depths (1 and
2) have positive scores that are associated with positive loadings of most elements
(Figure 4.2). Associations between scores and loadings indicate connections and
causalities; meaning, for example, changes in independent variables (e.g. soil weathering,
organic matter, clay mineral content) will cause changes in dependent variables
(elemental abundances) (Altman & Krzywinski 2015). In depth versus elemental
concentration graphs (Figure 4.3) these elements (with positive loadings) are more
abundant in shallow soils and decrease in concentration with depth. Hence, the positive
scores and loadings reflect the higher concentrations of these elements in soil layers 1 and
2. Note that the spline curves on these graphs (and all depth versus element concentration
graphs in section 4.4) are meant to illustrate element concentration trends and do not
imply vertical connectivity among soils samples, because markers on the graphs represent
individual soils samples selected from different locations on the island. For example,
Figure 4.2 illustrates that Al and Si are most abundant in section 1 and 2 soils and their

abundance decreases in section 3 and 4 soils. Conversely, soils from sections 3 and 4
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have negative scores indicating that they are more enriched in Ca, Mg, and Sr (Figure
4.2). Abundances of Ca, Mg, and Sr are low at the surface and increase in abundance
with increasing depth. Hence the negative loadings for these elements means that they are
negatively correlated with elements such as Al and Si, whereas the negative scores for
soils in sections 3 and 4 mean that they have high concentrations of Ca, Mg, and Sr.
Variation of elemental abundances versus depth that explain most other elements in PC1
do not explain variation for Na and Mo concentrations, hence loadings and scores are

low.
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Figure 4.3. Depth versus concentration graphs comparing concentration differences with depth of Sr, CaO, MgO, MnO, Al>Os,
and SiOa. Soil sample depth of each soil sample plotted against concentrations (Sr, CaO, MgO, MnO, Al,Os3, SiO>) of each soil
sample. Data is compiled from all 19 soil profiles. Soil sampling depths are distinguished by colour on the left side of the
graph: Section 1 = orange, section 2 = blue, section 3 = green, and section 4 = purple.
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The results indicate that PC1 describes the variation in relative elemental concentration
with depth in the soils. Considering that PC1 accounts for 72% of the variation in the
data, this means that the variation in elemental concentration with depth in one profile is
greater than the variation between different fields. Additionally, bubble graphs shown in
Figure 4.4 provide spatial representation of soil scores. Soil samples taken in section 1
and 2 have mostly positive scores (blue bubbles) whereas graphs representing soil
samples taken in sections 3 and 4 have mostly negative scores (white bubbles). This
figure can be used to see how well soils across the island are described by PC1. For
example, no trends are observed in scores (e.g. size or colour of bubbles) from the east to
the west side of the island as depth to bedrock increases. However, for the three
Brookston soils (the 3 most southern sites), the scores switch from positive values in
layer 1 to negative values in layer 2. This reflects the fact that the Brookston soils are not
as depleted of elements like Ca, Mg and Sr in section 2 as was observed for most Toledo
soils, and that in section 1 and 2, Brookston soils have lower concentrations of Al
compared to Toledo soils. In section 1, Brookston soils have Al concentrations ranging
from 10.5-13% whereas in Toledo soils, the concentrations are between 13-15.5%. In
section 2, Brookston soils have Al concentrations ranging from 11-13% whereas Toledo

soils have Al concentrations ranging from 10-16% (Figure 4.5).
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Figure 4.4. Bubble plots for PC1 provide spatial representation of the element data on
Pelee Island and are to be used together with the element loadings plot from PC1. Each
graph represents element loadings at sections 1, 2, 3, and 4. The x-y coordinates of the
bubbles on the graphs represent their locations on the island in decimal degrees (easting;
x-axis, northing; y-axis). Colour indicates positive or negative scores; blue is positive and
white is negative. Size of the bubbles indicates magnitude of correlations between scores
(soil samples) and loadings (elements).
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Figure 4.5. Depth versus concentration graphs comparing concentration differences with
depth of Al, Ca, Mg, and Sr between Brookston and Toledo soils. Soil sample depth of
each soil sample plotted against elemental concentrations (Al, Ca, Mg, Sr) of each soil
sample. Soils sampling depths are distinguished by colour on the left side of the graph:
Section 1 = orange, section 2 = blue, section 3 = green, and section 4 = purple.
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A survey conducted by Sheppard et al. (2009) examined 59 agricultural soil profiles in
southern Ontario, and analysed 50 elements at three soil depths from 0-60 m. Sheppard et
al. (2009) also found that surface soils were depleted of Ca, Mg, and Sr and subsoils were
enriched in these elements. Magnesium and Sr are associated with calcite because their
similar ionic radius allows them to readily substitute for Ca, and because Mg and Sr are
geochemically similar, these elements correlate positively with Ca in the PCA (Thorpe et
al. 2012; Xiaolei et al. 2012). Sheppard et al. (2009) found that in deep soils Mg and Sr
are adsorbed onto mineral surfaces and/or are absorbed within mineral structures.
Conversely, shallow soils have a higher abundance of almost all other elements relative
to deep soils. For example, major elements Si and Al and most trace elements are highly
concentrated in the surface soils and their concentrations decrease in the deeper soils. Si
and Al are concentrated in the surface soils because they remain in residual minerals left
behind in upper horizons during mineral weathering (Weil & Brady 2017).

The loadings of elements Mn and Fe are smaller compared to most other elements in
PC1, probably because there is a different behaviour for these elements between
Brookston and Toledo soils. An accumulation of oxides (particularly Mn and Fe) at depth
in a soil is an indication of a well-developed B horizon (Weil and Brady, 2017).
Brookston soils don’t show accumulation of Mn and Fe oxides in section 2, unlike
Toledo soils (Figure 4.6). The absence of accumulation of Mn and Fe at depth in
Brookston soils may indicate that the zone of accumulation (B horizon) is less developed
in the Brookston compared to the Toledo soils. In addition, COs? content in section 2
and 3 is lower in Toledo soils with average values of 4.25 and 9.87% respectively
compared to COs? in sections 2 and 3 in Brookston soils with average values of 9.44 and
12.71%, respectively (Table 3.3). The higher carbonate content in sections 1 and 2, and
the higher Ca and Sr content in section 2 in Brookston soils relative to Toledo soils
suggest there is less leaching in the A horizon of Brookston soils. In addition, more
highly leached soils will have a lower Si:Al ratio (Weil and Brady, 2017). Figure 4.7
compares silicon versus aluminum concentrations at all four depths in Brookston and
Toledo soils. In section 1, Brookston soils have a higher Si:Al ratio compared to Toledo
soils because they are less leached and this is consistent with lower clay particle content

of section 1 in Brookston soils (shown in grain size diagram Figure 3.3). Figure 4.7 also
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shows that Brookston soils have less Al content in section 1 and 2 soils compared to
Toledo soils, thus indicating that Brookston soils are less leached than Toledo soils.
Although the pH values are comparable, Toledo soils are slightly more acidic than
Brookston soils (Figure 4.8), which would result in greater dissolution and leaching.
Organic matter likely contributes to the higher acidity of the Toledo soils. The soil
organic matter content is higher in Toledo soils in sections 1, 2, and 3 with average
values of 5.5, 3.2, and 2.6%, respectively, compared to Brookston soils with average
organic matter contents at depth 1, 2, and 3 of 3.8, 2.7, and 2.1%, respectively (Table
3.2).
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Figure 4.6. Depth versus concentration graphs comparing concentration differences with
depth of MnO and Fe>O3 between Brookston and Toledo soils. Soil sample depth of each
soil sample plotted against elemental concentrations (Mn, Fe) of each soil sample. Soils
sampling depths are distinguished by colour on the left side of the graph: Section 1 =
orange, section 2 = blue, section 3 = green, and section 4 = purple.



88

Si02 (%)

10.0 10.5 11.0 11.5 12.0 125 13.0 135 14.0 14.5 15.0 15.5
Al203 (%)

Figure 4.7. Silicon oxide versus Al2O3 concentrations in Pelee Island soils. Soil type is
indicated by size and shape: Brookston = large circles, Toledo = small triangles. Soil
sampling depths are distinguished by colour: Section 1 = orange, section 2 = blue,
section 3 = green, and section 4 = purple.
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Figure 4.8. Organic matter content versus pH values in Brookston and Toledo soils in
sections 1 and 2. Each point on the graph represents one soil sample. In sections 1 and 2
Toledo soils have lower pH and higher organic matter content than Brookston soils. B1 =
Brookston soil sampled in section 1, B2 = Brookston soil sampled in section 2, T1 =
Toledo sampled in section 1, T2 = Toledo sampled in section 2.
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The loading value for P is smaller than for other elements. The P content of the soils is
only weakly affected by leaching. Phosphorous was the only oxide that showed variation
in concentration among fields (p < 0.05), with most of the variation occurring in section 1
soils. However, unlike elements Mn and Fe, P concentrations are likely affected by
fertilizer strategies on different fields. A one-way ANOVA proved that most variation
among elemental P.Os concentrations was dependent on the month the soil was sampled.
For example, P.Os concentrations were greater in fields that were sampled in August and
lower in fields that were sampled in October (Figure 4.9). This is likely because of the
timing of fertilizer application. The variation in P2Os across fields is not related to
weathering as also shown by the poor correlation with Al2Os in the Harker diagrams (R?
values of 0.09, 0.01, 0.43, and 0.35 in sections 1, 2, 3, and 4 soils respectively) (Figure
3.4).
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Figure 4.9. Depth versus concentration graphs comparing concentration differences with
depth of P.Os between sampling dates (August and October). Data is compiled from all
19 soil profiles. Soil sampling depths are distinguished by colour on the left side of the
graph: Section 1 = orange, section 2 = blue, section 3 = green, and section 4 = purple.



90

Principal component 1 highlights the elemental differences among depths, but elemental
differences among fields can also be observed. Some of the differences in scores among
fields at the same depths can be attributed to the variability in depth at which each layer
was sampled in different fields. For example, field 12CF in section 2 is behaving more
like soils sampled in section 3 from other locations. The soil core for field 12CF was very
long and therefore, to sample equally throughout the length of the core, the second
sample was taken from deeper in the soil. Hence, field 12CF section 2 was sampled at 85-
100 cm, which is deeper than section 2 in most other soil profiles (45-105 cm). As a
result, the section 2 soils from field 12CF had low Al,Oz contents (10.43% compared to
the average of 13.53% + 1.50%) and high CaO contents (14.90% compared to the
average of 5.65% =* 4.55%), which is often seen in section 3 and 4 soil samples from
other locations. Likewise, sampling sections 3 in profiles 15A and 27CS are quite
shallow, with depths of 122.5 cm and 98 cm respectively, compared to the average
sampling depth of 137.6 cm. For this reason, they behave like section 2 soil samples seen
in most other profiles (depleted of Ca and enriched in Al relative to other soil samples
sampled in section 2). See Appendix H for CaO and Al>Oz values of fields 15A and
27CS.

The three Brookston soils (5GM318, 5GM318D and 1A) have smaller scores than the
Toledo soils. This is because the weathering profiles are not as well developed (e.g. less
leaching of calcite in the A-horizon). Notably, field 1A behaves differently from most
other soils in sections 1 and 2 soils. In section 1 soils, field 1A does not contribute
significantly to the variation described by PC1. The score for field 1A in section 2 soils
is more associated with elements Ca, Mg, and Sr because it contains higher abundances
of Ca, Mg, and Sr and lower abundances of most other elements relative to other fields at
the same depth (see Appendix H for additional elemental concentrations in field 1A). In
particular, Al.Oz is quite low in section 1 soils of field 1A, with a concentration value of
10.73% compared to the average of 13.81%. Field 1A is quite shallow (<1 m deep) and
although records are not available, we speculate that this alfalfa field was tilled in the
past, which would result in mixing of soil horizons. Alternatively, broadcast fertilizers
(applied to surfaces of soils over large areas) may have introduced higher amounts of

nutrient and trace elements to the surface of this field, resulting in poor correlations
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between elements whose concentrations are determined by weathering processes. For
example, field 1A has high abundances of MnO at the surface, which is one of the

fertilizers applied when herbicides like Round-up are used.

4472 Mineral PC2

Principal component 2, illustrated in Figure 4.10, accounts for 8.72% of the variance in
the data and has an eigenvalue of 4.80. The element loadings show that there is a
moderate positive correlation between the concentrations of major elements Ca, Fe, K,
Mg, and Mn and minor elements Co, Cs, Mo, Ni, Rb, Sb, and Sc. There is also a
moderate positive correlation between the concentrations of major elements Na, P, Si,
and Pb. When concentrations of, for example, Na are high, so are concentrations of P, Si,
and Pb. The strongest negative correlation is between the amounts of Na and Mo.
Concentrations of Na are lower when nutrients like Mo, Ca, K and Mg are abundant.
Bubble plots show that the spatial distribution of elements on the island is not well
described by PC2 (Figure 4.11).
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Figure 4.10. PC2 scores and loadings, illustrating elemental variations at depth and among field locations on Pelee Island.
Scores are arranged by location (left to right on the graph represents south to north on the island) and by depth (yellow

section 1, blue = section 2, green = section 3, and orange = section 4). The magnitude of the bars on each graph indicate the

strength of the correlations between scores (soil samples) and loadings (elements).
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Figure 4.11. Bubble plots for PC2. These graphs provide spatial representation of the
element data on Pelee Island. Each graph represents element loadings at sections 1, 2, 3,
and 4. The x-y coordinate of the bubbles on the graphs represent their locations on the
island in decimal degrees (easting; x-axis, northing; y-axis). These graphs are to be used
together with the loadings plot for PC2. Colour indicates positive or negative scores; blue
is positive and white is negative. Size of the bubbles indicates magnitude of correlations
between scores (soil samples) and loadings (elements).

The most dramatic difference among soil sample scores for PC2 is between soils in
section 1 versus 2 soils. The results of PC2 indicate higher elemental abundances in soil

depths where there are both high positive loadings and score bars and high negative
loadings and score bars. These trends can be verified by examining changes in oxide and
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element concentrations with depth in soils but note that the trends in these figures
primarily reflect weathering processes described by PC1 except for elements like Na and
Mo that contributed very little to the variation in in PC1. The PC2 results indicate that
soil samples taken from section 1 have higher concentrations of Na, P, Si, and Pb (Figure
4.12), whereas samples taken from section 2 have a stronger influence and greater
abundance of Mo and Sb and to a lesser extent Fe, Mg, Mn, Co, and Ni (Fig 4.13). The
change in concentrations of Si and Pb with depth (illustrated in Figure 4.12) are mostly
explained by PC1. Trends for Na, however, do not decrease steadily with depth and
therefore, are not described by the trend in PC1.
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Figure 4.12. Soil sample depth of each soil sample plotted against oxide and elemental
concentrations (Na2O, P2Os, SiO2, and Pb) of each soil sample. Soil sampling depths are
distinguished by colour on the left side of the graph: Section 1 = orange, section 2 =
blue, section 3 = green, and section 4 = purple.
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Figure 4.13. Soil sample depth of each soil sample plotted against oxide and elemental

concentrations (Mo, Sh, Co, Ni, MnO, MgO, Fe>Oz3) of each soil sample. Sampling
depths are distinguished by colour on the left side of the graph: Section 1 = orange,
section 2 = blue, section 3 = green, and section 4 = purple.
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Sodium oxide abundances are greatest in section 1 soil samples, but do not show any
increasing or decreasing trend with depth. This is evident from the Na,O data, which
shows that average Na>O concentrations in section 1, 2, 3, and 4 soils are 1.07%
(£0.13%), 0.90% (+0.13%), 0.94% (£0.11%), 0.99% (+0.08%), respectively. Eimers et
al. (2015) suggest that because of its positive charge, Na* is often retained by negatively
charged organic matter and is abundant in low pH soils where it displaces acidic cations
(H") on mineral surfaces. Soils on Pelee Island have high organic matter content and
lower pH in section 1. Eimers et al. (2015) also found that Na is negatively associated
with Ca, Mg, and K and soils derived from calcium-rich parent materials are less
vulnerable to Na enrichment. This is because Na is unable to displace Ca from soil
exchange sites and as a result, Na is more effectively transported through calcareous soil
profiles. Shallow soils on Pelee Island have high Na concentrations because Na is more
readily adsorbed when Ca contents are low (as seen in PC2). In addition, Na will
accumulate in surface soils if there is insufficient drainage resulting from compaction and
high clay mineral content, both of which inhibit leaching. This results in an accumulation
of salts near the surface because Na cannot be leached downwards, water is evaporated
from the surface, and plant roots remove water and leave behind Na, which accumulates
in the root zone (Netzer et al. 2014). Fields with shallow soils like 27CS and 1A have
very negative scores, which indicates high Na2O concentrations and suggests this could
be related to poor drainage. Vineyard management reports that fields 26 and 27 have

lower elevation than the other fields and are more susceptible to flooding.

Iron oxide and MnQ concentrations are greatest in section 2 for most soil profiles on
Pelee Island (Figure 4.13). The accumulation of iron oxides in the B horizons of soils,
where pH values increase, gives this horizon its characteristic reddish-brown hue (see soil
core descriptions in Appendix D). In a study of the distribution of Fe, clay minerals, and
extractable Fe in Saskatchewan soils, Stonehouse & Arnaud (1971) found that maximum
Fe accumulation was in the upper portion of the B horizon, and that clay mineral content
was generally positively correlated with Fe content. The authors suggest that this results
from a comigration of fine clay minerals and Fe as small weathered particles migrate
from the surface into deeper soils. This is also true for Pelee Island soils where clay

particle content increases with depth from 12-22% in section 1 and 27-33% in section 2,
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3 and 4 soils (Tolo 2019). High clay particle content in the deep soils on Pelee Island thus
correlates well with high abundances of Fe in the B horizon. Manganese oxide is also
positively associated with high clay particle content found in Pelee Island subsoils and
forms in the B horizon. This is because the adsorption capacity for Mn increases with
increasing pH (Kabata-Pendias & Mukherjee 2007).

Molybdenum did not correlate with any elements in PC1 and is most abundant in section
2 soils because it is highly soluble, which makes it susceptible to leaching from the A
horizon. However, in deep soils, where pH increases, Mo can bind to Fe oxides and
organic matter, which explains why Mo is abundant in the B horizon. Similarly, Sb is
more abundant were Fe and Al are abundant as a result of adsorption. In a study of
sorption and mobility of Sb in calcareous soils of Spain, Martinez-Lladd et al. (2011) also
found organic matter content to affect the sorption of Sb in soils, which was mainly a
result of the Fe and Al contents. Magnesium oxide, Co, and Ni also have high
concentrations in section 2 soils (Figure 4.13) for similar reasons similar to the high
concentration of Mo. Low soil pH, seen in the A horizon on Pelee Island (values as low
as 5.37), cause leaching of elements such as Mg, Co, and Ni. Increasing pH and clay
mineral content in deeper soils results in adsorption of these metals onto clay minerals
and hydroxides in the B horizon. Lang et al. (2016) found that Co is mostly bound to Mn
oxides, which are abundant in the B horizon. In a study of magnesium mobility in soils
Gransee & Fuhrs (2013) found that soil acidity caused leaching of Mg, but high amounts
of clay minerals (such as those found in subsoils on Pelee Island) helped prevent
leaching. In a study of Ni adsorption by soils in relation to pH, organic matter, and Fe
oxides, da Cruz & Casagrande (2004) found that Ni adsorption was most strongly
affected by pH, but Ni was also affected by other factors such clay mineral content and
Fe and Mn oxides. Adsorption of Ni increases with increasing pH and in the presence of

Fe oxides and high clay particle content found in the B horizons of Pelee Island soils.

Similar to PC1, PC2 mainly outlines the elemental differences among depths, but
elemental differences among fields are also observed. For example, fields 25bCH, 23CH,
and 26CF are the only fields that have high positive loadings in sections 3 and 4 soils.

Some of the inconsistent or minor differences in elemental compositions among fields at
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the same depths can be attributed to the variability among sampling depths resulting in
the B-horizon spanning different sampling layers. However, the more consistent
elemental differences among fields may require a different explanation. For example, in
section 3 and 4 soils, most fields have very low magnitude scores, which means the there
is little variance in elemental abundance. The high positive scores for fields 25bCH,
23CH, and 26CF in section 3 and 4 soils indicate higher abundances of Mo, Sb, Fe20s,
MnO, MgO, Co, and/or Ni, compared with other fields. Field 26CF has very low CO3
contents in section 2, 3, and 4 soils of 0.8, 7.75, and 7.83%, respectively, compared to
average values of 5.07, 10.35, and 11.19% for section 2, 3, and 4 soils, respectively
(Table 3.3). This suggests that acid leaching has been extensive. In their study of
decalcification of periodically waterlogged soils, Van Den Berg & Loch (2008) found
that low COs? content, or decalcification, occurred in soils that were subject to periodic
waterlogging. They suggested that increased CO> pressure combined with continuous
drainage of pore-water solutes during periods of waterlogging contributed to the
decalcification of soils (Van Den Berg & Loch 2008). In addition, waterlogged soils
usually exhibit greater organic matter accumulation (Luisa 1984) and organic matter is
abundant in fields 25bCH, 26CF, and 23CH. These three fields have high organic matter
content in section 1 and 2 soils, with values of 5.21% and 3.39% in field 25bCH, 6.97%
and 3.65% in field 26CF, and 6.47% and 2.89% in field 23CH compared to average
values of 5.24% and 3.10%, respectively (Table 3.2). Although there is high organic
matter in these fields in section 1 and 2 soils, periods of waterlogging slow organic matter
decomposition and reduce the ability of organic matter to bind metals to particle surfaces
(Luisa 1984), and organic matter is slightly acidic and increases the mobility of metals.
This means that the metals that are leached from surface soils because of low pH and
inability to bind to organic matter, will accumulate in deep soils where clay content and
pH are high (Rajmohan et al. 2014; Caporale & Violante 2016). These observations
indicate that fields 26CF, 25bCH, and 23CH have experienced periods of poor drainage
and/or waterlogged conditions, which caused accumulations of heavy metals in deep soils

on Pelee Island.
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4.4.3 Mineral PC3

Principal component 3, illustrated in Figure 4.14, accounts or 3.91% of the variance in
the data and has an eigenvalue of 2.17. There are very few elements with either strong
positive or negative loadings. The highest positive loadings belong to Cd, Bi, U, Si, Pb,
Zr and Sb, whereas the highest negative loadings belong to most of the major elements
and Sr, and some REE like Nd and Sc. The loadings suggest that when the concentrations
of major oxides are low, there is a relatively higher concentration of heavy metals like
Cd, Pb, Sb and U. The variation in PC3 can mostly be attributed to these heavy metals as
they have the highest loadings. Bubble plots show that the spatial distribution of elements
on the island is not well described by PC3 (Figure 4.15).
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Figure 4.14. PC3 scores and loadings, illustrating elemental variations at depth and among field locations on Pelee Island.
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Figure 4.15. Bubble plots for PC3. These graphs provide spatial representation of the
element data on Pelee Island. Each graph represents element loadings at sections 1, 2, 3,
and 4. The x-y coordinate of the bubbles on the graphs represent their locations on the
island in decimal degrees (easting; x-axis, northing; y-axis). These graphs are to be used
together with the loadings plot form PC3. Colour indicates positive or negative scores;
blue is positive and white is negative. Size of the bubbles indicates magnitude of
correlations between scores (soil samples) and loadings (elements).

Most positive scores for PC3 occur for sampling section 1 soils, which means that

samples taken from section 1 contain higher amounts of Cd, Pb, Sb, U (Figure 4.16),

whereas samples taken from other depths (with some exceptions) are more weakly driven

by Sr concentrations. The variation described by PC3 is dominated by high
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concentrations of some heavy metals at the surface. This can result from both natural and
anthropogenic processes. For example, Cd and Pb are enriched in Ontario agricultural
surface soils as a result of airborne pollution and soil additives (Sheppard et al. 2009).
Lead was widely distributed in soils when it was used in automotive gasoline (Sheppard
et al. 2009). This is consistent with Figure 3.8, which shows an enrichment of Pb in
section 1 in Pelee Island soils relative to the NASC standard. Sheppard et al. (2009)
found that increased concentrations of U in surface soils could be a result of biocycling
by plants. As the solubility of U increases with increasing pH in deeper soils, plant roots
accessing the B horizon may encounter more U ions, which would be transported into the
plant and later deposited in surface soils when the plant dies. Alternatively, Pelee Island
chemical fertilizers (FERT4 and FERT5) were enriched in U compared to the NASC
standard (Figure 3.13). Thus, increased U concentrations observed in Pelee Island surface

soils could be attributed to addition of U from chemical fertilizers.

Depth (cm)

0.000025 0.000050 0.0010 0.0015 0.0020 0.0003 0.0004 0.0005 0.0006

Cd (ppm) Pb (ppm) U (ppm)

Figure 4.16. Depth versus concentration graphs comparing concentration differences
with depth of Cd, Pb and U. Soil sample depth of each soil sample plotted against
elemental concentrations (Cd, Pb, U) of each soil sample. Data is compiled from all 19
soil profiles. Sampling depths are distinguished by colour on the left side of the graph:
Section 1 = orange, section 2 = blue, section 3 = green, and section 4 = purple.
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Cadmium, Pb, Sh, U are nonessential heavy metals and although these metals occur
naturally in all soils from weathering of parent material, they are toxic to plants in
excessive amounts. Generally, heavy metals are regarded as trace and are rarely toxic at
<1000 ppm (Wuana & Okieimen 2011). In Pelee island soils, the concentrations of U, Sb,
Cs, and Pb are all well below toxic levels: the average concentration of Cd is 0.26ppm
with a maximum of 0.29ppm in 27CS section 2 soils; average concentration of Pb is
16.71ppm with a maximum of 24.39ppm in field 26CF section 1 soils; average
concentration of Sb is 0.669ppm with a maximum of 1.32ppm in field 28CH section 2
soils; and average concentration of U is 3.53ppm with a maximum of 6.04ppm in field
28CH section 1 soils.

Principal component 3 demonstrates that some heavy metals are concentrated in the
surface soils on Pelee Island and to a greater extent than can be explained by the
distribution expected from leaching (PC1) and adsorption (PC2) processes. Principal
component 3 also highlights a few differences in elemental behavior among fields. For
example, 28CH section 2 soils and 26CF section 4 soils are more associated with Cd,
Pb, Sb, U, and 27GW section 2 soils and 27CS section 3 soils are more associated with
Sr than other soils at similar depths. The soils in section 3 of 27CS has the lowest
carbonate content among all other fields at this depth with a CO3 value of 2.05%, with
most other samples in the 10-13% range (Table 3.3). The reasons for these anomalies are
unknown, but further studies could explore whether plant growth is affected by the

occurrence of these metals at depth.

4.4.4 Mineral PC4

Principal component 4, illustrated in Figure 4.17, accounts for 3.43% of the variance in
the data and has an eigenvalue of 1.84. The variations described by PC4 through PC6 are
quite small. It is not possible to see these variations in the raw data without eliminating
variation from PC1 through PC3. As such, it can be challenging to understand the causes
of very small variations in soil chemistry. Here, variations observed in the data will be
described and probable causes will be suggested where possible. Nevertheless,
observations can be made about which fields differ from others and can possibly provide

insight into differences in plant productivity in different soils.
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For PC4, the elements with the highest positive loadings are Fe, Mn, Na, Co, Mo, and Zr
and these elements are positively correlated with each other. Elements with highest
negative loadings are K, Mg, P, Bi, Cs, Cu, Li, Rb, and Sn and these elements are
positively correlated with each other, but negatively correlated to the previous group (i.e.
elements with high positive loadings). These loadings suggest that some soils have an
abundance of the major oxides Fe203, MnO, NaO and extra trace elements Co and Mo,

both of which are not described by the previous principal components.
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Figure 4.17. PC4 scores and loadings, illustrating elemental variations at depth and among field locations on Pelee Island.
strength of the correlations between scores (soil samples) and loadings (elements).

Scores are arranged by location (left to right on the graph represents south to north on the island) and by depth (yellow
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In Toledo soils, most samples taken from section 1 are enriched in Bi, Li, and Sn
(negative scores), whereas soils from section 2 are enriched in Fe, Mn, Co, and Mo
(positive scores). The opposite is true for Brookston soils and the scores for PC4 in
Brookston soils (5GM318, 5GM318D and 1A) are quite high in section 1 soils.
Conversely, Toledo soils have higher positive scores than the Brookston soils in section 2
soils. This indicates that there is a greater abundance of Fe, Mn, Na, Co and Mo in
Brookston surface soils relative to Toledo surface soils. However, in deeper horizons, the
abundances of these elements in Brookston soils are similar or lower than observed for
Toledo soils. The bubble plots (Figure 4.18), show that samples on the west side of the
island are typically more associated with Bi, Li, and Sn and samples on the east side of

the island are more associated with Fe, Mn, Co, and Mo.

The causes for these variations are unknown. The shift in oxide content and element
abundance from the west to the east side of the island might indicate that depth of the soil
causes some variation. Depth to bedrock changes from about 5 m in fields 25bCH and
27CS in the east to more than 30 m under the rest of the Toledo soils to the west (Table
3.1). Brookston soils are quite shallow (about 2 m in fields 5GM318 and 1A) and lie
directly over bedrock, which is evident from the coring depths listed in Table 2.2. Field
25bCH has high positive scores for section 3 and 4 soils and the vineyard manager
suspects this corner of field 25 is Brookston clay. For these reasons, variation for PC4
may be driven by differences between Brookston and Toledo soils. Alternately, positive
scores (indicating lower values of P, K, Bi, Li, and Sn) were determined for Brookston
soils in section 1 and in field 24CF (organic field) and 24R (reference field), and both
fields 24CF and 24R do not receive commercial fertilizers. Two of the main constituents
of fertilizers are P and K, which are in low concentrations in section 1 Brookston soils
and in fields 24CF and 24R. However, when trace element concentrations in soils were
compared to trace element concentrations in fertilizers, Li was only found in one out of
three of the chemical fertilizers and Bi and Sn were not at all analyzed in any fertilizer
samples. Thus, trace element data do not provide any indication that variations observed
in PC4 between Brookston and Toledo soils is from fertilizer application and causes for

variation of PC4 data remain unclear.
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Figure 4.18. Bubble plots for PC4. These graphs provide spatial representation of the
element data on Pelee Island. Each graph represents element loadings at sections 1, 2, 3,
and 4. The x-y coordinate of the bubbles on the graphs represent their locations on the
island in decimal degrees (easting; x-axis, northing; y-axis). These graphs are to be used
together with the loadings plot form PC4. Colour indicates positive or negative scores;
blue is positive and white is negative. Size of the bubbles indicates magnitude of
correlations between scores (soil samples) and loadings (elements).
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4.45 Mineral PC5

Principal component 5, illustrated in Figure 4.19 accounts for 2.07% of variation in the
data and has an eigenvalue of 1.10. This variation is driven by the loadings for just a few
elements. Potassium, Mn, Cd and Cu have high positive loadings. These elements are
positively correlated with each other and negatively correlated with Bi, and to a lesser
extent Si. Although exceptions occur (e.g. section 4 soils of 27CS), the general pattern of
variation will be described. Fields 10CF and other Toledo surface soils at the north end
of the island (27L, 27GW, 27 GM318, 27CS, and 26CF) have higher concentrations of P,
Cd, and Cu. Fields 5GM318D and 25aCH (section 1 soils), 56M318D and 28CH (section
3 soils), and 27CS (section 4 soils) are enriched in Bi. The scores shown on the bubble
plots (Figure 4.20) demonstrate that there are smaller variations in the concentrations of
these elements in the deep soils (smaller scores = smaller bubbles), and greater variation
between samples and elements in the shallow soils. This trend might indicate that the

variation highlighted by PC5 is related to surface application of fertilizers or pesticides.
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Figure 4.19. PC5 scores and loadings, illustrating elemental variations at depth and among field locations on Pelee Island.
Scores are arranged by location (left to right on the graph represents south to north on the island) and by depth (yellow

section 1, blue = section 2, green = section 3, and orange = section 4). The magnitude of the bars on each graph indicate the

strength of the correlations between scores (soil samples) and loadings (elements).
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Figure 4.20. Bubble plots for PC5. These graphs provide spatial representation of the
element data on Pelee Island. Each graph represents element loadings at sections 1, 2, 3,
and 4. The x-y coordinate of the bubbles on the graphs represent their locations on the
island in decimal degrees (easting; x-axis, northing; y-axis). These graphs are to be used
together with the loadings plot form PC5. Colour indicates positive or negative scores;
blue is positive and white is negative. Size of the bubbles indicates magnitude of
correlations between scores (soil samples) and loadings (elements).

Copper is adsorbed by Mn, Al, and Fe oxides and also organic matter. The adsorption
potential becomes stronger for Cu with soil depth as pH increases (Romic¢ et al. 2014),
which should result in higher levels of Cu in section 2 soils (as observed with other
metals for PC2). However, elevated levels of Cu are observed in surface soils, especially
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in surface soils of fields that have grapes (as opposed to fields without grapes such as
27L, 24R, 1A, 15A) (Figure 4.21). The most common elevated levels of Cu in
agricultural soils is the use of Cu-containing compounds to control plant disease and most
of the Cu that is accumulated on the leaves and in the soils from spraying will be retained
in topsoil (Deluisa 1996). It is important to note however, that toxic levels of Cu are
uncommon in calcareous soils, as the bioavailability of Cu has been reported to decrease
as pH and CEC increase (Romic¢ et al. 2014). Alloway (2010) suggests that elevated
concentrations of Cd in topsoils are from anthropogenic inputs and particularly from
application of phosphate fertilizers. This association suggested by Alloway (2010) is
highlighted in PC5 data, which shows that P and Cd are positively correlated, indicating
that Cd could be sourced from fertilizers added to topsoils on Pelee Island. Figure 4.22
illustrates the concentrations of Cd in surface soils on Pelee Island between fertilized and
unfertilized fields. The average Cd in unfertilized fields is 0.262 ppm compared to the
average Cd of fertilized fields of 0.391 ppm. Further, soils that are unfertilized, such as

fields 24CH and 24R have negative scores, indicating these fields have low P and Cd.
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Figure 4.21. Depth versus concentration graphs comparing concentration differences of
Cu in surface soils between fields that grow grapes compared to fields without grapes.
Soil sample depth of each soil sample from all 19 soil profiles plotted against elemental
concentrations (Cu) of each soil sample. Soil sampling depths are distinguished by colour
on the left side of the graph: Section 1 = orange, section 2 = blue, section 3 = green, and
section 4 = purple.
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Figure 4.22. Depth versus concentration graphs comparing concentration differences
with depth of Cd between fertilized and unfertilized soils. Soil sample depth of each soil
sample plotted against elemental concentrations of Cd of each soil sample. Data is
compiled from all 19 soil profiles. Sampling depths are distinguished by colour on the
left side of the graph: Section 1 = orange, section 2 = blue, section 3 = green, and section
4 = purple.

4.5 Plant Extractable Nutrient Principal Components

45.1 Measuring Bioavailability in Soil

Plant extractable nutrients (PEN) are those that are loosely bound to mineral surfaces and
are available for plant uptake (Reid & Hayes 2003). Exchangeable ions are held by
negatively charged soil particle surfaces through relatively weak electrostatic
interactions. Therefore, exchangeable ions are defined as the measure of ions that are
removed from the soil by a solution containing a neutral salt, such as CaCl, (Dauer &
Perakis 2013). Unlike plant extractable nutrients, the majority of soil elements studied in
the previous PCA are locked up in crystalline form within primary and secondary

minerals that weather too slowly to replenish nutrients required for highly productive



114

plant growth (Reid & Hayes 2003). Thus, assessing plant extractable nutrient
concentrations will provide a better understanding of elements in the soil that are
accessible for uptake or adsorption by plants, also termed bioavailability (Semple et al.
2004). The uptake of nutrients by plant roots can only proceed when the elements are in
solution. The factors that can affect the concentrations of plant available nutrients in the
soil include weathering rates, agricultural practices (e.g. fertilizers), and organic matter or
clay mineral content. Understanding the relative influence of these factors on different
fields can guide crop management practices.

Another PCA was performed to identify patterns in concentrations of plant extractable
nutrients. The PCA results allow for identification of variations among some major and
trace elements among fields. However, the ability to interpret the cause of these
variations are limited because the CaCl, extraction method produced solutions with low
element concentrations and many elements were below detection limits. Thus, element
values below detection limits were assigned very small concentration values prior to the
PCA (since the PCA will not work with values of zero). This means that the PCA after
PC1 and PC2 detected mostly outliers in the data. Outliers were given too much weight
during the autoscaling weighting preprocessing and did not provide useful information to

detect processes that control nutrient variability in Pelee Island soils.

It was surprising that some essential elements such as Ca, P, K, Fe, S, Cu, and Zn and
those that are abundant in fertilizers (namely P and K) were not released to solution by
the CaCl; treatment. Thus, it was difficult to assess the causes of the observed variations
when some of the key elements (e.g. K from fertilizers) were missing. Alternate
extraction methods (e.g. Olsen sodium bicarbonate, ammonium acetate, diethylene
triamine penta-acetic acid — DTPA, ethylene diamine tetra-acid — EDTA, phosphoric
acid, mobile metal ion — MMI etc.) likely could have yielded higher concentrations of
plant extractable nutrients because these methods dissolve some minerals, such as iron-
oxides and overestimate the amount of available nutrients to the plants (Houba et al.
2000). However, these methods only provide an index of nutrient availability that must
then be interpreted and calibrated against actual measurements of crop response in the

field (Munroe 2018). These methods do not provide absolute nutrient concentration
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values, in contrast to the CaCl, extraction method, and therefore, they were not selected
for this study. In addition, the CaCl, extraction method was chosen over alternate
extraction methods because many of these extraction methods only analyze a few
nutrients in the soil at a time. For example, the Olsen sodium bicarbonate is used to
assess extractable P, ammonium acetate is used to measure extractable Ca, Mg, K and
Na, and chelating agents such as DTPA and EDTA are used to assess extractable
micronutrients - except Fe, Cu, and B, which don’t have any associated accredited tests
(Munroe 2018). Thus, CaCl, was chosen because it imitates nutrient availability, it
detected multiple elements at once, it is cost and time efficient, and results are
reproducible (Houba et al. 1986).

Another study conducted by Société Générale de Surveillance (SGS) on Pelee Island in
2019 analysed nutrient availability in soils using the mobile metal ion (MMI) method.
Values produced from the MMI extraction method are compared to other MMI soil data
from around the world. This means that the values produced from the MMI extraction
method are not absolute plant extractable nutrient concentrations, and values are
interpreted using other MMI standards. Soils sampled for the SGS study were from fields
27L, 27GM318, 27GW, 27CS, 26CF, 24GM318 (organic fields — 24CF), 26CF and
5GM318 on Pelee Island. The results show high Ca concentrations in all fields; K
concentrations are similar to other reference fields but are low in the organic field; Cd
concentrations are especially high in Toledo soils; Cu concentrations are high in all fields
except in the organic field (24CF); Mg concentrations are high and are greatest in the
organic field (24CF); and P concentrations are low in all fields relative to MMI reference
sites (SGS 2019).

Low concentrations of some elements could be the result of plant uptake resulting in
limited bioavailable nutrients on soil particle surfaces. Many studies suggest that the
season of soil sampling has an effect on available nutrients in soils and affects soil
fertility testing (Franzen 2018; Omer et al. 2018). Société Genérale de Surveillance
(SGS) laboratories suggest that nutrients are lowest in soils from July through to August,
when crops are fully grown and beginning to mature because crops deplete the soil

nutrient supply. They further suggest that spring is the best time to sample because it
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provides the best representation of nutrients in the soil that will be available to plants for
that crop year. However, soil amendments applied to crops can affect nutrient
concentrations in soil samples. Therefore, the most popular time to sample is in the fall
because soil depletion can be observed, and management strategies can be adjusted to
increase soil fertility for the next season (Omer et al. 2018). In addition, clayey soils,
such as those on Pelee Island, are more apt to seasonal element variability than sandier
soils because of higher CEC. Soil pH, Zn and P concentrations are stable throughout the
year, however low K values are usually seen in the fall after harvesting due to plant
uptake (Franzen 2018). Pelee Island soils were sampled in late August (August 28-29)
and again in mid-October (October 16-18). Because the soils were sampled in the fall, it
is possible that the CaCl, extraction method produced low plant extractable nutrient
concentrations because of plant uptake. The SGS study on Pelee Island found that the
season did not affect nutrient content in Pelee Island soils; however, they used a different

extraction method, and so our results are not directly comparable.

Another possible reason the elements were below detection limits could be that they were
not soluble in the CaCl; solution that was used for nutrient extraction. Equilibrium
reactions drive the capacity of soil particle surfaces (organic matter and clay colloids) to
exchange cations and equilibrium must be achieved between ions on soil particle surfaces
and ions in solution (Weil & Brady 2017). Soils on Pelee Island are highly calcareous and
perhaps many of the exchange sites on soil particle surfaces were already occupied by
Ca?" ions, thus limiting the ability of Ca* in the CaCl; salt solution to exchange with
other cations (Munroe 2018). Thus, equilibrium would easily be achieved between soil
particle surfaces and the CaClz solution without need for additional cation exchange, and
concentrations in the CaCl> solution would have to be much higher for cation exchange to
achieve equilibrium (Munroe 2008). It does seem however, that the CaCl> solution was
strong enough to replace some cations (e.g. Mn?*, Mg?*), but with a strong preference, as
follows: first, Ca?* should replace cations with large ionic radii and low positive charges,
such as K*; next, Ca?* should replace cations that are more difficult to remove from soil
particle surfaces (small ionic radius and high positive charge, such as AI** and Mo**), but
can be removed because they are in greater abundances on soil particle surfaces than in

solution (Weil & Brady 2017). Therefore, two conclusions can be drawn from the CaCl>
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extraction method. (1) Considering that K* has a lower positive charge and larger ionic
radius than Ca?*, it should easily exchange with Ca?* in the extraction solution. However,
K™ concentration values were all below detection limits. This suggests that K* ions are in
very low abundance on exchange sites. Consequently, Ca?* will start to exchange with
ions such as Al ** and Mo** that are more difficult for Ca?* to remove but are abundant
on exchange sites relative to the CaCl. solution. Therefore, the elements Al, B, Bi, Co,
Li, Mo, Nb, Ni, Rb, Sc, Si, Ti, U, and Zr are relatively more abundant on exchange sites
compared to easily removed cations, such as K*. Reasons for higher abundances of these
elements on exchange sites include, but are not limited to, composition of parent material,
weathering rates, fertilizer application, organic matter content, clay content, and

carbonate content. These are expanded upon in the PCA analysis below.

45.2 Plant Extractable Nutrients PC1

Principal component 1, illustrated in Figure 4.23, accounts for 33.82% of the variance in
the data and has an eigenvalue of 6.08 The sample scores show that there is a major
difference between soils from section 1 versus soils from sections 2, 3, and 4. Sample
section 1 has high positive scores, whereas sample sections 2, 3, and 4 show low-
magnitude, negative scores. This indicates that there is a strong difference in elemental
concentrations between topsoil and subsoil for plant extractable nutrients. Soils from

sections 2, 3 and 4 do not contribute much to the variation in PC1.
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Figure 4.23. PC1 scores and loadings, illustrating nutrient element variations at depth and among field locations on Pelee
Island. Scores are arranged by location (left to right on the graph represents south to north on the island) and by depth (yellow
= section 1, blue = section 2, green = section 3, and orange = section 4). The magnitude of the bars on each graph indicate the
strength of the correlations between scores (soil samples) and loadings (elements).
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Most of the loadings for PC1 have high positive values, whereas two elements (Mo and
U) have low negative values. All of the elements with tall positive bars are positively
correlated with each other, but negatively correlate with the behaviour of Mo and U.
Because only the section 1 soil samples have high scores, PC1 reflects the negative
correlation between the concentration of most elements versus Mo and U in surface soils,
meaning that there are lower concentrations of Mo and U at the surface. In graphs that
plot depth versus plant extractable nutrient concentration (Appendix B) the majority of
elements, such as Al, B, Mn, Mg, Zr, and Ti, are more abundant in section 1 soils and
decrease in concentration with depth. Hence, the positive scores and loadings reflect the
higher concentrations of these elements in section 1 soil samples. For example, Mg and
Mn are abundant in surface soils and decrease in concentration with depth as is illustrated
in Figure 4.24. Note that the spline curves on these graphs (and all depth versus element
concentration graphs in section 4.5) are meant to illustrate element concentration trends
and do not imply vertical connectivity among soils samples, because markers on the
graphs represent individual soils samples selected from different locations on the island.
Soils from sections 2, 3, and 4 have small-magnitude negative scores indicating that they
do not have as great of an effect on variation in PC1 as section 1 soils and are also more
enriched in Mo and U. Abundances of Mo and U are low at the surface and increase in
abundance with increasing depth (Figure 4.24). Barium, Li, Na, and Sr have very small
loadings (either positive or negative), indicating that the contribution of these elements to
variation of PCL1 is negligible. Principal component 1 is therefore describing the variation
in plant extractable nutrient concentrations in section 1 in the soils. Bubble graphs shown
in Figure 4.25 provide spatial representation of soil scores. Soil samples taken from
section 1 have mostly positive scores (blue bubbles) whereas graphs representing soil
samples taken from sections 2, 3, and 4 have mostly negative scores (white bubbles).

This figure shows that there is no spatial variation for PC1.
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Figure 4.24. Depth versus extractable nutrient concentration graphs comparing
concentration differences with depth of Mg, Mn, Mo and U. Soil sample depth of each
soil sample plotted against elemental concentrations (Mg, Mn, Mo, U) of each soil
sample. Sampling depths are distinguished by colour on the left side of the graph:
Section 1 = orange, section 2 = blue, section 3 = green, and section 4 = purple.
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Figure 4.25. Bubble plots for PC1. These graphs provide spatial representation of the
nutrient element data on Pelee Island. Each graph represents element loadings at sections
1, 2, 3, and 4. The x-y coordinate of the bubbles on the graphs represent their locations on
the island in decimal degrees (easting; x-axis, northing; y-axis). These graphs are to be
used together with the loadings plot form PC1. Colour indicates positive or negative
scores; blue is positive and white is negative. The size of the bubbles indicates magnitude
of correlations between scores (soil samples) and loadings (elements).

The highest concentrations of most plant extractable nutrients are in the A horizon
(section 1 soils). It has already been demonstrated that minerals in Pelee Island soils are
highly weathered at the surface and weathering decreases with depth (Figure 4.1). In
addition to converting primary minerals to secondary minerals, weathering also releases

ions available for plant uptake (Weil & Brady 2017). Weathering is most intense in
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surface soils where there is increased organic matter content and the minerals are exposed
to the atmosphere, water, and variable temperatures (changes in temperature increases
weathering rates) (Weil & Brady). Since weathering is most intense in surface soils, it is
not surprising that most plant extractable nutrients are found in the A horizon. In
addition, soils in section 1 have the highest concentration of organic matter (with an
average of 5.24 % compared to an average of 2.66% in deep soils), which has a high CEC
and can adsorb nutrients that are easily released with a salt-water extraction. This
indicates that complexation of nutrients with organic matter is a factor that affects the
availability of nutrients in surface soils (Weil & Brady 2017).

Fertilizers are also applied to surface soils. On Pelee Island this either occurs as
broadcast fertilizing to alfalfa fields (to the surface of the soil) or through injection of
fertilizers along the dripline of the grape plants. Fertilizer application could therefore be
contributing to the abundance of available nutrients in Pelee Island surface soils and
could be influencing variation of elemental abundances in PC1. However, unfertilized
fields (chemical fertilizers not applied), such as 24CF (organic field), 24R (reference
field), 15A (alfalfa field), and 5GM318, do not differ from the fertilized fields in PC1 and
it can be thus concluded that variation in PC1 is not caused by application of chemical
fertilizers. However, it is likely that compost added to the surface of fields 24CF
increases both the CEC of the soil and the amount of plant extractable nutrients. Studies
using extractants that release more major plant nutrients (e.g. P and K) should be done to

determine the influence of fertilizers on the availability of nutrients in Pelee Island soils.

Although there are many reasons why there are higher amounts of plant extractable
nutrients in the upper soils of Pelee Island, it needs to be considered why there is a
negative correlation between Mo, U and other nutrients at this depth. The mineral data
shows that the abundance of Mo was low in surface soils, suggesting that smaller
amounts of Mo are incorporated into mineral structures. The mineral data also show that
there are higher concentrations of Mo in the B horizon. Both observations are consistent
with the literature, as Alloway (2010) noted that Mo is the lowest of all essential trace
elements in soils and that Mo is strongly adsorbed by hydrous Fe-oxides in the B horizon.

Extractable Mo is more abundant in deep soils because in alkaline soils, such as the deep
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soils on Pelee Island, it is mostly present as an oxyanion (MoO4?). This oxyanion is
leached from surface soils but sorbs onto Fe and Mn-oxides and organic matter in deeper,
more alkaline soils where it can exchange with other cations (Wichard et al. 2009). In
addition, Mo is most easily taken up by plants from alkaline soils with poor drainage
(gleying) (Alloway 2010), which is the case for soils on Pelee Island. Plant available Mo
may also be depleted of surface soils because it is an essential micronutrient used by

plants and therefore is depleted in surface soils from plant uptake (Alloway 2010).

Similarly, there are low concentrations of extractable U in surface soils. Cations, such as
Ca, Mg and K, can displace U ions from soil exchange sites and force them into solution.
Uranium has a high positive charge, and therefore, it is strongly sorbed by soils rich in Fe
and Mn-oxides and organic matter (Alloway 2010). Uranium is readily leached under
oxidative and acidic conditions, which are common in Pelee Island surface soils, and will
be leached deeper into the soil profile to form soluble complexes with CO3 ions at a
higher pH. This increases the amount of available U in soil solution for plant uptake
(Alloway 2010; Vodyanitskii 2011).

45.3 Plant Extractable Nutrients PC2

Principal component 2, illustrated in Figure 4.26, accounts for 18.31% of the variance in
the plant extractable nutrient data and has an eigenvalue of 3.30. Variance can be
observed among sampling depths and sampling fields. Generally, section 4 soils have
higher concentrations of Ba, Li, Mo, Si, and Sr, whereas section 1, 2, and 3 soils have
less. Lithium is variable among fields and the most important factor controlling Li
content in soils is clay mineral content. High Li concentrations are found in soils where
clay mineral content is also high and especially in humid and temperate climate
conditions where it is leached down through the soil profile (Alloway 2010). Thus, Li is
usually found in deeper soil horizons on Pelee Island where clay is more abundant
(Figure 3.3). Brookston soils (5GM318, 5GM318D, and 1A) are mostly negatively
correlated with Li in sections 1 and 2, whereas some Toledo soils are positively
correlated, indicating that Brookston soils have lower Li abundance and thus lower clay
abundance compared to Toledo soils (Figure 4.27). In addition, soils at sections 1 and 2

are mostly negatively correlated with Li, whereas soils at sections 3 and 4 are positively
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correlated with Li. This means that there is lower Li content in surface soils and higher Li
content in deep soils (Figure 4.27), thus indicating a higher clay content in deep soils.
Similar findings were observed by Tolo (2019); Brookston soils contained lower clay
content than Toledo soils (23 £ 3% in Brookston and 29 + 3% in Toledo) and surface
soils had low clay content compared to deep soils (12-22% in surface soils and 27-33% in
deep soils) (Tolo 2019).
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Figure 4.26. PC2 scores and loadings, illustrating nutrient element variations at depth and among field locations on Pelee
Island. Scores are arranged by location (left to right on the graph represents south to north on the island) and by depth (yellow
= section 1, blue = section 2, green = section 3, and orange = section 4). The magnitude of the bars on each graph indicate the
strength of the correlations between scores (soil samples) and loadings (elements).
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Figure 4.27. Depth versus concentration graphs comparing concentration differences
with depth of Li between Brookston and Toledo soils. Soil sample depth of each soil
sample plotted against elemental concentrations of Li of each soil sample. Data is
compiled from all 19 soil profiles. Sampling depths are distinguished by colour on the
left side of the graph: Section 1 = orange, section 2 = blue, section 3 = green, and section
4 = purple.

The bubble plots (Figure 4.28) show that the northwest side of the island is associated
with low concentrations of Ba, Li, Mo, Si, and Sr, whereas the southeast side is generally
associated with more Ba, Li, Mo, Si, and Sr regardless of depth. However, the reasons for
this distribution is unknown. In addition, Ba is abundant in deep soils (Figure 4.29),
which can be explained by the sorption of Ba by some hydroxides such as MnO and
displacement from Al>O3 by alkaline earth metals such as Sr (Alloway 2010). Barium is
not very mobile due to adsorption onto clays and because of precipitation as BaCOs in the

presence of high carbonate content, such as in deep soils on Pelee Island (average of
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11.19% COz in section 4 soils). In addition, CI™ ions increase Ba mobility (Alloway 2010)

and these ions were used in the CaCl, extraction.
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Figure 4.28. Bubble plots for PC2. These graphs provide spatial representation of the
nutrient element data on Pelee Island. Each graph represents element loadings at sections
1, 2, 3, and 4. The x-y coordinate of the bubbles on the graphs represent their locations on
the island in decimal degrees (easting; x-axis, northing; y-axis). These graphs are to be
used together with the loadings plot form PC2. Colour indicates positive or negative
scores; blue is positive and white is negative. Size of the bubbles indicates magnitude of
correlations between scores (soil samples) and loadings (elements).
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Figure 4.29. Depth versus concentration graph showing concentrations of Ba increasing
with soil depth. Soil sample depth of each soil sample plotted against elemental
concentrations of Ba of each soil sample. Data is compiled from all 19 soil profiles.
Sampling depths are distinguished by colour on the left side of the graph: Section 1 =
orange, section 2 = blue, section 3 = green, and section 4 = purple.

45.4 Plant Extractable Nutrients PC3, PC4, PC5

Principal component 3 has a variance of 13.53% and an eigenvalue of 2.44, PC4 has a
variance of 6.92% and an eigenvalue of 1.25, and PC5 has a variance of 6.32% and an
eigenvalue of 1.14. Although all these PC’s have eigenvalues >1, the ability to interpret
the cause of these variations is limited due to low element concentrations and many
elements being below detection limits. Thus, these principal components did not provide
valuable indicators of soil processes. These components did, however, detect outliers
among fields. For example, field 13CF soils in section 4 have a high amount of soluble
Na, with values of 285ppm compared to the average of 26 + 15ppm. It is possible that the
presence of Na might suggest salts had formed in the capillary fringe above the water
table. Up until the late 1800s many areas on Pelee Island were covered by marshy

lowlands below lake level until the implementation of drainage systems in the late 1800s
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(Brown 2009). Although drainage systems have lowered the water table on the island, it
would not be unreasonable that a soil sampled at a depth of 205 cm was in the capillary
fringe just above the water table. Natural ponds on the east side of the island (e.g. in field
27L) indicate that the water table is quite shallow in some areas. Another outlier detected
by the PCA, field 24CF, contained Al and Co whereas many other fields were below
detection limits for these elements. Field 24CF soils in section 1 have the lowest pH
value of all soil samples with a value of 5.37 and is likely a result of the compost
fertilizer used on this field. Field 24 soils in section 1 likely have more Al, Ni and CEC
from the addition of compost, making these elements present in greater concentrations

compared to other fields.

4.6 Relationship of PEN to Soil Mineralogy

Plant extractable nutrient data and mineral data measure different features of the soil;
mineral data measures the total elemental composition of soils (elements that make up the
minerals as well as any elements that are attached to particle surfaces), whereas PEN data
measure elements that are available for exchange on soil particle surfaces. Weathering is
most intense in surface soils and releases many elements locked in crystalline structures
and bound to organic matter. Therefore, PEN are generally highest in surface soils. The
organic matter and clay mineral content of the soils prevents these elements from being
leached deeper into the profile (Weil & Brady 2017). Thus, differences in abundances of
elements between plant extractable nutrients and soil mineralogy in Pelee Island soils can
be attributed to CEC, clay mineral abundance, and adsorption. Although soil mineralogy
plays an important role in determining nutrients available to plants, the CEC, clay
mineral content, and adsorption play a more important role. For example, elements such
as Mn and Mg that have relatively low mineral abundances in surface soils are still
abundant in PEN in surface soils (Figure 4.30). The difference in elemental composition
of Mg and Mn between the soil mineral component and the plant extractable component
of Pelee Island soils indicates that the controlling factor is not the mineral component but
the CEC of the soil.
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Figure 4.30. Depth versus concentration graphs comparing average concentration
differences with depth of Mg and Mn between the mineralogical components (green
circles) and the PEN components (red triangles) of the Pelee Island soils. Soil sample
depth plotted against oxide and elemental concentrations (Mg, Mn) of averaged soil
sample concentrations at each depth.

Clay mineral content of soils and adsorption onto their mineral surfaces are important
factors for controlling extractable nutrients (Alloway 2010). Adsorption and CEC are
higher in clay-rich soils because there are more negatively charged surface particles for
cation exchange due to the smaller grain size. This is evident when comparing elemental
concentrations of Li between soil mineral data and soil extractable nutrient data.
Although mineral Li is most abundant in surface soils, the extractable portion of Li is
most abundant in deep soils where clay mineral contents are greater (Figure 3.3). Further,
Toledo soils have higher clay mineral content relative to Brookston soils (Figure 3.3) and
have greater abundances of some PEN such as Li and U. In addition, adsorption of
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elements onto mineral surfaces increases PEN, and is evident from increased abundances
of available Mo, Ba, and U adsorbed onto Fe and Mn oxides in the B horizon (Alloway
2010).

Mineralogy (parent material) of the soils will also affect the availability of extractable
nutrients. For example, soils that are calcareous, such as Pelee Island soils, produce
carbonate ions upon weathering and raise the pH of soils, which helps prevent soil
acidification and leaching of elements (Weil & Brady 2017). Therefore, higher
abundances of extractable nutrients will be available for plant uptake. For instance, U is
more available in deep soils where it forms soluble complexes with CO3™ (Vodyanitskii
2011). Parent material can also inhibit the availability of some elements. For example, in
a study of Na accumulation in calcareous soils, Eimers et al. (2015) found that soils
derived from Ca-rich parent materials are less vulnerable to Na enrichment. This is
because Na is unable to displace Ca from soil exchange sites and Na is more effectively

transported through calcareous soil profiles.

It is clear that CEC, clay mineral content, and adsorption are important factors that affect
the PEN portion of Pelee Island soils. In addition, soil mineralogy is equally important
because it controls factors such as CEC, clay mineral content, and adsorption capacity. In
addition, weathering of parent material determines the original supply of nutrients and
controls their distribution throughout the soil profile. Therefore, the minerology of the
soil ultimately determines type and quantity of nutrients that will be available for plants
in soil solution. Although the CaCl, extraction method provided essential information on
nutrient availability throughout the soil profile, other extraction techniques are required to

better understand Pelee Island soil fertility.
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Chapter 5

5 Conclusions

This study provides an extensive overview of the geochemical composition of bedrock
and soils on Pelee Island and outlines general soil processes that cause differences in
elemental distribution throughout the soil profile and among different sites. This chapter
draws conclusions from the research presented throughout this thesis and provides

recommendations for future work.

5.1 Depth to Bedrock

Depth to bedrock in Toledo soils, in the middle area of the island, is variable with depths
ranging from 0.6 m to 30 m. However, in most fields the depth to bedrock is deep (13-30
m), except in the middle northeast area of the island; field 27CS has a shallow depth to
bedrock of 5 m and 27L has an even shallower depth of 0.6 m. Soil thickness in Toledo
soils ranges from 1-3 m and the underlying till has a thickness of 4-22 m. Conversely,
depth to bedrock in Brookston soils, in the southwest area of the island, is very shallow at
approximately 2 m deep. Brookston soils directly overlie bedrock and lack the till layer
that is present under the Toledo soils. Brookston soils are shallow and soil layering is
different than in Toledo soils, and therefore, Brookston soils are not directly comparable
to Toledo soils and depth to bedrock does not have a direct influence on the elemental

composition of either soil.

5.2 Effect of Bedrock on Soil Composition of Pelee Island

The REE distribution patterns confirm that Pelee Island bedrock does not influence the
composition of Pelee Island soils. Although Slack (2015) proposed that groundwater
percolating through bedrock could leach elements and contribute them to Pelee Island

soils, no anomalous elemental signatures are observed in the soils, disproving this theory.

The REE distribution patterns are the same among all fields and soil depths. However,
concentrations of REE are different among soil depths; concentrations of REE are highest

in the surface soils and decrease with depth. The high REE concentrations observed in
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surface soils, however, are not from fertilizer application and the more likely cause of
REE enrichment in Pelee Island surface soils is organic matter input. This could be from
leaf litter of the grape vines, natural cycling of the cover crops, or the addition of compost
which is locally grown on the island. The REE distributions of Pelee Island compost are

the same as observed for the soil (although absolute concentrations in the soil are higher).

5.3 Using PCA to Identify Geochemical Differences Among
Soil Samples

Principal component analysis is an effective tool that identifies geochemical differences
among soil samples, detects anomalies within the data, and allows for concise
interpretations to be made from the data, which further outline soil processes. Principal
component analysis reveals significant differences in elemental concentrations between

soil depths and different fields on Pelee Island.

5.3.1  Mineralogical Variability

The mineral element data include both elements that are contained within mineral
structures and those adsorbed onto particle surfaces. Although the adsorbed elements may
not have been released by the CaCl. extraction method (for reasons that are explained in
the discussion), they are included in the mineral element results because the analyses did
not exclude any components of the soil (i.e. mineral components, plant extractable
components, and added fertilizers). Most soil oxides and elements are highest in surface
soils and decrease with depth; however, there are some exceptions. Specifically, Al and
Si are abundant in surface soils because these are the most common oxides that remain
following mineral weathering, such as feldspars. Generally, Ca, Mg, and Sr are most
abundant in deep soils. This is because calcite weathers from surface soils via the process
of dissolution and precipitates in deeper soil horizons where pH is higher, such as in the
deep soils on Pelee Island. The Mg and Sr abundances are greater in deep soils because
they have a similar ionic radius to Ca and can substitute for Ca in mineral structures. Iron,
Mn, and Mo are more abundant in the B horizon because Fe and Mn are leached from the
A horizon and form oxides and hydroxides in the B horizon and Mo adsorbs onto

hydroxides formed in the B horizon.
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Sodium concentrations are slightly higher in surface soils; however, Na concentrations do
not decrease steadily with depth. Sodium is slightly higher in surface soils because it is
retained by organic matter in low pH surface soils. Additionally, in clay mineral rich soils
that are not well drained, Na* is not effectively leached into deep soils and evaporation

and removal of water by plant roots can also cause it to accumulate in surface soils.

5.3.2 PEN Variability

The abundance of plant-extractable nutrients within the soil profile is primarily affected
by soil depth. Plant extractable nutrients are most abundant in surface soils, except for
Mo and U, which are more readily available in deep soils. Plant extractable nutrients are
generally more abundant in surface soils where organic matter is most abundant and

where weathering is most intense, thus releasing most nutrients available for plant uptake.

Plant extractable Mo and U are most available in deep soils, where they can adsorb onto
Fe and Mn oxides and hydroxides formed in the B horizon. Lithium is also abundant in
deep soils on Pelee Island because Li is generally associated with soils that have high
clay content, such as the deeper soils on Pelee Island. Thus, Li is more associated with
Toledo surface soils than with Brookston surface soils because of the high clay mineral
content of Toledo soils. The plant extractable nutrient data show that organic matter
content, clay abundance, and adsorption are the most important factors controlling the

nutrient availability in Pelee Island soils.

In this study we observe that the plant extractable nutrient contents of the Pelee Island
soils do not differ between fertilized and unfertilized fields. According to our study, this
finding appears to indicate that application of chemical fertilizers does not contribute to
the nutrient content of Pelee Island soils. However, because the CaCl, extraction method
produced very low concentrations of plant extractable nutrients, it is likely that the CaCl»
extraction method was too weak to detect contributions of chemical fertilizers to Pelee
Island soils and/or since PEN were measured in the fall, the soil’s nutrient supply had
been depleted by grapevine uptake during the summer months. Thus, further
investigations using either, a higher concentration of the CaCl> extraction solution, or

using different soil nutrient extraction methods should be performed.
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5.3.3  Soil Horizon and Weathering Profiles in Brookston and
Toledo Soils
The A horizons are approximately 30 cm thick and have abundant organic matter causing
dark brown colouration. The B horizons in Toledo soils extend >2 m deep, but in
Brookston soils are on average approximately 50 cm deep. All B horizon soils are clay
mineral rich, ranging in colour from a greenish grey to reddish brown. The greenish grey
colour indicates that these soils have been exposed to periods of water saturation which
produces gleysols. The C horizons are only present in shallow soils such as 5GM318,
27CS, 1A, 27L, and 25aCH, and are only differentiated from B horizons by the

abundance of lithic fragments.

Soil weathering is greatest in surface soils, which have high Al and low Ca content,
whereas deep soils have low Al and high Ca content. Soil organic matter is highest in
surface soils and organic acids produced by organic matter contribute to the low pH of
surface soils. The acids released from the decay of organic matter leach elements, such as
Ca, Fe, Mn into the B horizon where pH is greater, and these elements accumulate as
oxides, hydroxides, and carbonates (specifically CaCOs3). Thus, carbonate content is

lowest in surface soils and increased exponentially when soil pH was over 7.5.

Mineralogy and soil chemistry vary between Brookston and Toledo soils because of
differences in leaching intensities. Calcium, Mg, and Sr are more abundant in Brookston
surface soils compared to Toledo soils. Because calcite is an easily weathered mineral,
higher concentrations of Ca in Brookston surface soils indicate that they are less leached
than Toledo soils. Conversely, high concentrations of Al in Toledo soils indicate that
intensive leaching has leached elements like Ca from easily weathered minerals, leaving
behind minerals rich in Si and Al that are more resistant to weathering. In addition,
Brookston soils don’t show an accumulation of MnO or Fe2Os3 in the B horizon, which is

also an indication that Brookston soils are less leached.
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5.3.4  Soil Elemental Difference Among Vineyard Fields on Pelee
Island

Generally, elemental concentrations of the mineral components of the soils are similar

among fields, however, there are a few fields where differences were identified by the

PCA. Some differences observed among fields can be attributed to differences in soil

horizon thicknesses and sampling depth that result in inconsistent element behavior when

comparing all soils from the same relative depth (e.g. section 3 soils) between cores.

Some fields have elemental contents that varied for other reasons.

Field 1A behaves differently from most fields with respect to element distribution with
depth. Field 1A has low organic matter content, higher pH and higher Ca, Mg, and Sr
content in surface soils compared to other fields. This may suggest mixing of soil
horizons has occurred, which disrupts the natural weathering profile and could be a result
of soil tillage. The deepest soil in field 13CF, sampled at a depth of 205 cm, has a
significantly high concentration of extractable Na compared to other fields, which
suggests the formation of salt above the capillary fringe of the water table on Pelee
Island. Field 24CF, which is used for organic farming, contains higher concentrations of
some plant extractable elements than other fields, which is likely the result of the addition
of large amounts of compost fertilizer to this field, which also results in one of the lowest

pH values (5.37) in surface soils on Pelee Island.

Fields 25bCH, 23CH, and 26CF in soil sampling sections 3 and 4 have higher amounts of
Mo, Sb, Fe, Mn, Mg, Co and/or Ni compared to other fields at the same sampling depths.
Field 26CF has a low carbonate content at all depths, demonstrating that acid leaching
has been extensive and that this field may have been subject to periods of waterlogging.
Further, waterlogged soils usually exhibit slowed organic matter decomposition, resulting
in high accumulation of organic matter and was observed that fields 25bCH, 23CH, and
26CF have abundant organic matter in their surface soils. The acidity of organic matter
increases metal mobility resulting in an accumulation of metals in deep soils where clay
content and pH are high. Thus, these observations indicate that fields 25bCH, 23CH, and
26CF have experienced periods of poor drainage and/or waterlogged conditions, which

cause accumulations of heavy metals in deep soils.
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5.3.5  Agricultural and Anthropogenic Inputs and Effect on Soill
Composition
Although this study has shown that soil additives do not affect REE composition of the
soil, they do impact soil composition of other elements. For example, P concentrations
are significantly different among fields that were sampled in August versus fields that
had been sampled in October. This suggests that the difference in P concentrations is a
result of fertilizer application. Copper is abundant in the surface of Pelee Island soils that
grow grapes as a result of Cu containing compounds that are sprayed on grape leaves to
control disease. Pelee Island surface soils contain greater amounts of the heavy metals
Pb, Cd, and U than deep soils. Cadmium and Pb are constituents of airborne pollutants,
such as automotive gasoline, which can be deposited on surface soils, and is likely
responsible for increased levels of these elements. Cadmium is also a common
constituent in phosphate fertilizers and elevated levels of Cd are found in topsoils of
fields that are fertilized and low levels of Cd are found in unfertilized fields such as
24CH (the organic field) and 24R (the reference field). Uranium was enriched in Pelee
Island chemical fertilizers, compared to the NASC standard, suggesting that increased U
concentrations in Pelee Island soils could be attributed to addition of U from chemical

fertilizers.

5.4 Future Work

The CaCl> extraction method produced low plant extractable nutrient concentrations, and
many element concentrations are below detection limits. Some of the elements below
detection limits are key plant nutrients such as Ca, K, P, Fe, S, Cu, and Zn, thus making
interpretations of nutrient availability difficult. It would be interesting to compare the
results of the CaCl> extraction method to other more popular extraction methods used in
Ontario, such as the sodium bicarbonate extraction method (Olsen), ammonium acetate,
DTPA, EDTA, and/or phosphoric acid; particularly for P and K, which are two main
components of chemical fertilizers. Doing this could provide a better understanding of
fertilizer influence on plant extractable nutrient composition. It would also be useful to
compare concentrations of plant extractable nutrients during different seasons, as some

studies have demonstrated that some nutrients are more available depending on timing of
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fertilizer application and the season (Franzen 2018; Omer et al. 2018). Further, a natural
fertilizer made from carbonate rocks, that contains 50% calcium carbonate, 25% biotite
(increases available K), 12% apatite (increases available P), 13% trace and REE
(including, but not limited to Mn, Zn, Cu, Co, Mo, B) may be added to Pelee Island soils.
Since soil processes and natural distributions of elements on Pelee Island have been
investigated and are now understood, it would be beneficial to test the effects such a

fertilizer has on the soil.

The REE have been used to authenticate wines by comparing the REE content of soil to
wine (e.g. Aceto et al. 2018). Numerous studies including those conducted by Aceto et al.
(2013), Di Paola-Naranjo et al. (2011), Hopfer et al. (2015), and Taylor et al. (2003),
have compared the trace and REE content between soils and wine and found that REE
distribution patterns were the same in grapes and the soils in which they grew.
Comparing the REE fingerprints of grapes to the soils on Pelee Island would show how
the REE signature in the soils affects the REE signature of the grapes. Identifying REE
fingerprints specific to grapes that grow on Pelee Island versus the Essex County
mainland, could provide proof of the uniqueness of Pelee Island soils in hopes that Pelee

Island may be reinstated as its own appellation.

This study provides an extensive overview of the geochemical composition of bedrock
and soils on Pelee Island and also outlines general soil processes that cause differences in
elemental distribution throughout the soil profile. It could be beneficial to investigate the
causation of different weathering intensities between Brookston and Toledo soil profiles
and to compare productivity of the grapes grown on each of these soil types so that the
winery can adjust their plant management strategies accordingly. Finally, in order to
identify unique soil characteristics that would enable the Pelee Island Winery to be re-
instated as its own appellation, similar studies should be performed at other wineries on
the North Shore of Lake Erie.
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Appendices

Appendix A: Mineral Element Soil Profile Graphs

The following figures are depth versus major oxide concentration graphs. Soil sample
depth of each soil sample plotted against major elemental oxide concentrations of each
soil sample. Data is compiled from all 19 soil profiles. Sampling depths are distinguished
by colour on the left side of the graph: Section 1 = orange, section 2 = blue, section 3 =
green, and section 4 = purple. Spline curves on these graphs are meant to illustrate
element concentration trends and do not imply vertical connectivity among soils samples,
because markers on the graphs represent individual soils samples selected from different
locations on the island.
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The following figures are depth versus trace element concentration graphs. Soil sample
depth of each soil sample plotted against trace elemental concentrations of each soil
sample. Data is compiled from all 19 soil profiles. Sampling depths are distinguished by
colour on the left side of the graph: Section 1 = orange, section 2 = blue, section 3 =
green, and section 4 = purple. Spline curves on these graphs are meant to illustrate
element concentration trends and do not imply vertical connectivity among soils samples,
because markers on the graphs represent individual soils samples selected from different
locations on the island.
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Appendix B: PEN Element Soil Profile Graphs

The following figures are depth versus plant extractable element concentration graphs.
Soil sample depth of each soil sample plotted against plant extractable elemental
concentrations of each soil sample. Data is compiled from all 19 soil profiles. Sampling
depths are distinguished by colour on the left side of the graph: Section 1 = orange,
section 2 = blue, section 3 = green, and section 4 = purple. Spline curves on these graphs
are meant to illustrate element concentration trends and do not imply vertical connectivity
among soils samples, because markers on the graphs represent individual soils samples
selected from different locations on the island.
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Appendix C: Seismic Refraction Figures

5GM318
Pelee Day 3. 4m Spacing. S-N. 4000
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Seismic refraction depth profile from 24 channel linear array with 4 m spacing of field

5GM318, indicating depth of soil layers. The green layer represents soil thickness and the

blue layer represents limestone bedrock thickness. The y-axis is depth in meters and the
x-axis is horizontal distance in meters from south to north. The red letters indicate the
location of the seismic source (steel plate and hammer) and brown dots indicate the
locations of the geophone receivers. The numbers within the soil layers indicate the
velocity of seismic waves passing through each layer.
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Seismic refraction depth profile from 24 channel linear array with 4 m spacing of field
10CF, indicating depth of soil layers. The green layer represents soil thickness, the grey
layer represents till thickness, and the blue layer represents limestone bedrock thickness.
The y-axis is depth in meters and the x-axis is horizontal distance in meters from south to
north. The red letters indicate the location of the seismic source (steel plate and hammer)
and brown dots indicate the locations of the geophone receivers. The numbers within the
soil layers indicate the velocity of seismic waves passing through each layer.
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Seismic refraction depth profile from 24 channel linear array with 4 m spacing of field
13CF, indicating depth of soil layers. The green layer represents soil thickness, the grey
layer represents till thickness, and the blue layer represents limestone bedrock thickness.
The y-axis is depth in meters and the x-axis is horizontal distance in meters from south to
north. The red letters indicate the location of the seismic source (steel plate and hammer)
and brown dots indicate the locations of the geophone receivers. The numbers within the
soil layers indicate the velocity of seismic waves passing through each layer.
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Seismic refraction depth profile from 24 channel linear array with 4 m spacing of field
15A, indicating depth of soil layers. The green layer represents soil thickness, the grey
layer represents till thickness, and the blue layer represents limestone bedrock thickness.
The y-axis is depth in meters and the x-axis is horizontal distance in meters from east to
west. The red letters indicate the location of the seismic source (steel plate and hammer)
and brown dots indicate the locations of the geophone receivers. The numbers within the
soil layers indicate the velocity of seismic waves passing through each layer.
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Seismic refraction depth profile from 24 channel linear array with 5 m spacing of field
22CH, indicating depth of soil layers. The green layer represents soil thickness, the grey
layer represents till thickness, and the blue layer represents limestone bedrock thickness.
The y-axis is depth in meters and the x-axis is horizontal distance in meters from east to
west. The red letters indicate the location of the seismic source (steel plate and hammer)
and brown dots indicate the locations of the geophone receivers. The numbers within the
soil layers indicate the velocity of seismic waves passing through each layer.
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Seismic refraction depth profile from 24 channel linear array with 4 m spacing of field
23CH, indicating depth of soil layers. The green layer represents soil thickness, the grey
layer represents till thickness, and the blue layer represents limestone bedrock thickness.
The y-axis is depth in meters and the x-axis is horizontal distance in meters from west to
east. The red letters indicate the location of the seismic source (steel plate and hammer)
and brown dots indicate the locations of the geophone receivers. The numbers within the
soil layers indicate the velocity of seismic waves passing through each layer.
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Seismic refraction depth profile from 24 channel linear array with 4 m spacing of field
24CF, indicating depth of soil layers. The green layer represents soil thickness, the grey
layer represents till thickness, and the blue layer represents limestone bedrock thickness.
The y-axis is depth in meters and the x-axis is horizontal distance in meters from east to
west. The red letters indicate the location of the seismic source (steel plate and hammer)
and brown dots indicate the locations of the geophone receivers. The numbers within the
soil layers indicate the velocity of seismic waves passing through each layer.
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Seismic refraction depth profile from 24 channel linear array with 4 m spacing of field
26CF, indicating depth of soil layers. The green layer represents soil thickness, the grey
layer represents till thickness, and the blue layer represents limestone bedrock thickness.
The y-axis is depth in meters and the x-axis is horizontal distance in meters from east to
west. The red letters indicate the location of the seismic source (steel plate and hammer)
and brown dots indicate the locations of the geophone receivers. The numbers within the
soil layers indicate the velocity of seismic waves passing through each layer.
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Seismic refraction depth profile from 24 channel linear array with 0.5 m spacing of field
27CS, indicating depth of soil layers. The green layer represents soil thickness, the grey

layer represents till thickness, and the blue layer represents limestone bedrock thickness.
The y-axis is depth in meters and the x-axis is horizontal distance in meters from east to

west. The red letters indicate the location of the seismic source (steel plate and hammer)
and brown dots indicate the locations of the geophone receivers. The numbers within the
soil layers indicate the velocity of seismic waves passing through each layer.
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Seismic refraction depth profile from 24 channel linear array with 4 m spacing of field
28CH, indicating depth of soil layers. The green layer represents soil thickness, the grey
layer represents till thickness, and the blue layer represents limestone bedrock thickness.
The y-axis is depth in meters and the x-axis is horizontal distance in meters from west to
east. The red letters indicate the location of the seismic source (steel plate and hammer)
and brown dots indicate the locations of the geophone receivers. The numbers within the
soil layers indicate the velocity of seismic waves passing through each layer.
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